This paper highlights various reasons of evolution of new mutants/variants of JE virus and its effects on neurovirulence, antigenicity, host immune responses, and disease transmission in endemic areas. Virus is reorganizing its genome by making sequence alterations, single site mutations, cluster specific reversions, and amino acid substitutions in neutralizing antigenic sites mainly in N glycosylation sites and epitopic regions of S and E proteins. Virus is regularly changing gene order, gene density by making substitution point mutations in important structural genes which make virus envelope proteins. Further, JE virus acquiring new genetic variations and adaptabilities through genetic recombination of wild strains with vaccine strains and assimilating new lethal genes that lead to emergence of molecular variants/mutants. These newly emerged JE virus genotypes have attained the ability to escape the immune defense and show wider resistance against vaccines and therapeutic agents. Thus new strains did significant elevation in the level of neurovirulence, antigenicity and pathogenesis. It is causing very high mortalities in various infant groups and imposing lifelong irreversible disorders in survivors and showing a regular trend of emergence and reemergence in endemic areas. The present review article emphasizes methods to suppress virus replication, reversion of neurovirulence, attenuation and an utmost need of more potential vaccines against cross reactive heterologous genotypes of JE virus to control disease transmission and mortalities occurring in endemic areas.
Introduction
Flavivirus, Japanese encephalitis (JE) virus, is the leading cause of acute viral encephalitis syndrome of central nervous system and mortalities of patients throughout Asia [1] . Though a large number of flaviviruses, such as Dengue virus and West Nile Virus Murray Valley encephalitis virus, are capable of giving rise to encephalitis, but, among all flaviviruses, JEV is proved highly dreadful because it severely invade many tissues and cells to establish an acute epidemic encephalitis syndrome in patients. Virus invasion generates severe inflammatory responses inside host, which later on spreads throughout the brain and results in necrosis of neurons and causes perivesicular cuffing, thrombosis, and variable degree of meningitis. Virus imposes very high neurovirulence and hemorrhage that give rise multiple disorders and lethality in various infant groups. Moreover, severity of infection with flaviviruses usually results into long lasting immunity and virus antigens boost the existing immune response. Further, cross-reactiveness between various antigenic components of different arboviruses also reinforces immune response to display variable pathogenic symptoms and etiology based on genetic relatedness. It also coincides with antigenic relatedness that is responsible for generation of hemorrhagic manifestations and immune hypersensitivity reactions in patients most similar to Dengue infections (Dengue shock syndrome). Virus that multiplies in cycles in different hosts is transferred by Culicinae mosquito species and generates repeated subclinical infections in endemic areas.
Current literature and clinical investigations reveal that climate induced genotypic variations are emerging in molecular variants of flaviviruses mainly related to encephalitis. Further, vaccine attenuated sequence alterations are also significantly increasing which not only are changing the etiological features of virus but also are inducing high neurovirulence and host immune responses and affecting disease transmission in endemic and nonendemic population. However, other than JE virus endemic strains, new vaccine derived recombinant strains of JE virus have been evolved which are detected in serum samples of patients from endemic regions. There is an observable finding that virus transmission from host to host is providing extra assistance to virus to adjudge the neutralizing molecules/machinery inside human host and making possible modifications in antigenic structures accordingly. This is an important issue to be discussed and requires prompt and essential solution. However, no information is available about decrease in virus pathogenicity by natural means, but JEV generated pathogenicity is increasing day by day due to mutations occurring in crucial amino acids in strains of JE virus [2] . However, flaviviruses are acquiring single amino acid changes or point mutations in domain III of the E protein [3] and attaining new molecular and ecological adaptations [4] . Thus, environment induced antibody resistant mutants are emerging with significant changes in genotypes [5] . These antibody resistant mutants also show the serotype reactivity and slow down immune protection [6] . However, vaccine strains of many viruses like rabies [7] , West Nile Virus [8] , Vaccinia virus [9] , Influenza [10] , Yellow fever virus [1] , and JE virus [11] are also acquiring similar changes in genome and developing new mutant forms which are antibody resistant and environmentally adapted. These environmentally adapted new variants/mutants are proved to be more lethal than normal strains because of production of high neurovirulence and pathogenesis in human hosts mainly in various infant groups.
Further, it is also well known that viruses not only seek mutations inside host body or through artificial means in the laboratory by transfection methods but also vaccine strains generate mutations during storage. Therefore, due to mutations occurring in antigenic sites of viruses, there become regular trends of emergence and reemergence of viral diseases of the central nervous system [12] . However, single site mutations versus multiple mutations, cluster specific reversions, or amino acid substitutions that occurred in neutralizing antigenic sites or N glycosylation sites of structural proteins are well known established reasons for the formation of new variants. But gene rearrangements, reversions, additions, deletions, and duplications occurring in native viral strains of JEV including other flaviviruses also seem to play its role in formation of new variants of JEV.
In addition, changes in gene order and virus specific NS and S proteins and pH-induced rearrangements in the envelope glycoprotein gene are also assisting in formation of antibody resistant mutants with variable genetic stability and molecular plasticity. More specifically, microevolution of new lethal amino acid sequences within the E protein in ecological and vaccine strains has significantly increased the severity of pathological effects in patients, and such isolates are found to be under directional evolution and/or coevolution. There are few important questions regarding host-to-host transfer and gain of variable antigenicity. Whether it is only possible through mutations and how long recombination play active role in generation of genetic diversity in JE virus are important questions. Further, occurrence of natural mutations and incorporation of new sequences in JE virus genotypes is a continuous evolutionary process that will give rise formation of neuroadapated antibody resistant viruses having more neuro-virulent protein genes. However, after attaining all required significant alterations in genome, new strains of JE virus may foil different immunological and molecular defense strategies in the future. Thus, environment induced genetic changes may alter the antigen profile very rapidly that will make flaviviruses more infective. Hence, it seems to be very difficult to control this virus by ordinary treatment and its control needs years of time. However, highly sophisticated molecular, biochemical, and immunological tools are to be required to control JE virus within and outside the boundaries of endemic area. However, from studies, it is clear that single site mutations and ecoclimatic, demographic, and clinical reasons are responsible for advent of new antibody resistant JE virus strains in endemic areas. These are considered as real cause of endemic expansion, disease transmission, and prevalence of Japanese encephalitis virus. Hence, in the present paper, all possible reasons of enhancement of neurovirulence, antigenicity, host immune responses, and transmission of JE have been discussed with the due emphasis on development of most appropriate and potential vaccine.
Role of Mutation in Evolution of New Genetic Variations
Genomes of both DNA and RNA viruses show different rates of mutations. More specifically, DNA viruses show near similar mutation rate, as it occurs in DNA of eukaryotes and prokaryotes. More commonly, these mutational changes or errors are estimated to occur at 10 5 and 10 10 per incorporated nucleotide per base pair per replication. However, the genetic information in eukaryotes does not reside in RNA; hence, no comparison can be made between the mutation rate in RNA viruses and eukaryotic cells. However, error rate in RNA viruses is observed much higher than in DNA of other organisms. Further, this rate in some of the RNA viruses such as vesicular is nearly 1 : 1000 to 1 : 10,000 per incorporated nucleotide. This rate is thus million times greater than mutation rate in DNA viruses. Further mutation induced in a virus does not manifest phenotypic changes in same way in all the hosts. Hence, there is much possibility that viable mutations that are neutral or deleterious in one host may provide a selective advantage in a different host. As it is clear from evolutionary studies that existing virus genomes were evolved over a very long periods. For over all established changes mutations and recombination both seem to be equal partners. But appearances of induced variations have been evolved only by different types of gene mutations. However, due to long evolutionary period, changing ecoclimatic conditions, mainly temperature, association of virus with different types of hosts and therapeutics used against virus have played important role in evolution of new mutant strains of flaviviruses. Further, during long evolution, [39, 41] gene rearrangements and mutations were assimilated in the genome most related to virus survival and environmental susceptibility. Later on, these antigenic binding regions greatly differed in diverse orders of genes that not only influence gene activity but also give rise to counter resurgence in new viruses against any therapeutic agent and climatic change. Thus, virus during incubation, storage, or either inside host could develop new closely related strains. It presents a clear evidence of their phylogenetic evolution and can assist in finding relationship of origin of mutant strains of various flaviviruses [13] [14] [15] . These changes work as signals, which can be used to reconstruct the evolutionary history or phylogeny of a set of organisms including viruses. However, reversions, additions, and deletions may affect phylogenetic reconstruction of gene order in natural strains that may provide information regarding positive negative impacts of mutation in JE virus mainly about virulence and pathogenesis. Further, gene ordering could be changed due to evolutionary events such as transpositions or by substitutions. Thus, chromosome or genome can be represented by a signed permutation of genes. However, due to their short genome, chances of assimilation of new sequences from other viruses are lesser and lesser. But chances of increase in copy number of harmful signaling molecules cannot be declined. Viruses may adopt all these changes accordingly which make them more resistant to any drug or any vaccine. Further, host to host transfer may lead to an increase in antigenicity that may result in high genetic load in human host for carrying new harmful genes causing severe neuropathogenesis. Hence, all nonessential genes are ablated from the main chain as they have no requirement in virus replication and establishment of infections inside a host (Table 1) . Further, viruses show four different types of recombination mechanisms, that is, intramolecular, reassortment, reactivation, and marker response. All these mechanisms occur either simultaneously or in separate viruses whenever a host cell is infected by two virions. Mostly intramolecular recombination occurs in double stranded DNA viruses and retroviruses, or between two closely related viruses, but it never occurs in single stranded DNA viruses, while reassortment occurs in segmented genome of viruses such as Arenaviridae and Birnaviridae, Birnaviridae to Arenaviridae, and Birnaviridae and Bunyaviridae. More specifically, reassortment takes place in influenza A viruses which is known to affect viability, replication efficiency, antigenicity, host range, and virulence and can generate pandemic strains [10] . However, an exchange between various viruses or between two different viruses results in genetic variations that also affect neurovirulence and pathogenesis. In case of reactivation, two virions of same strain infest host and its formed corecombinants result in lethal mutations. Poxviruses, orthomyxoviruses and reoviruses are examples of reactivation. Marker rescue occurs when an infectious virion and an inactivated virus infect a host cell simultaneously. Sometimes virus gets active genes from a low pathogenic strain and high pathogenic strain that are proved more lethal. Further, viral gene products also interact to each other by mechanism of complementation, phenotypic mixing, and polyploidy. However, major reasons of genetic variations are deletions, reversions, and reassortment processes, which are responsible for creation of new variations in viruses in the nature (Table 1) .
Mutations in Virus Envelop
Proteins. Virus envelope protein is a major structural protein that contains many antigenic variants [16] or neutralizing epitopes. It make surface of the viruses [17] and mediate attachment to host cells. However, mutations that occurred in the envelope protein in Japanese encephalitis virus play important role in a putative receptor-binding domain that induces the host immune response [18, 19] and affect virus entry into cells and virulence [20] . However, mutations occurred in genome of JE virus are widely concerned to changes in conformational structures of structural and nonstructural virus proteins. If single amino acid changes occur within antigenic domain of virus, it confers resistance to virus neutralization [21] and develops antibody-resistant mutants with reduced neurovirulence [5] . Similarly, one, two, or multiple nucleotide changes in E genes are responsible for loss of neuroinvasiveness in Japanese encephalitis virus neutralization-resistant mutants [22] . Most commonly, both natural and synthetic peptides of E-glycoproteins of encephalitis virus elicits anti-viral antibody responses [23] . Mutations occur in internal fusion peptides of flavivirus envelop protein E [24] . These antigenic epitopes [25] also occur on fusion protein of viruses and are found to be involved in neutralization of antibody responses [26] . Moreover, fusion protein contains dominant antigenic site having only three amino acid changes which are detected by using anti-F monoclonal antibody (MAb). However, single amino acid change at position 73 was found responsible for its nonreactivity with the anti-F MAb. With the same MAb, antibody-resistant mutants were prepared from the vaccine strain [26] . Similarly, human Fab (gamma1/kappa) library of human polyclonal antibodies shows similar neutralization potency against Japanese encephalitis virus [27] .
Similarly, bovine respiratory syncytial virus nonstructural proteins NS1 and NS2 cooperatively antagonize alpha/ beta interferon induced antiviral response by generation of single and double gene deletions [28] . However, treatments of cells with recombinant universal IFN-alpha A/D or IFNbeta revealed severe inhibition of single and double deletion mutants, but it could not affect the growth of full-length BRSV. Surprisingly, all NS deletion mutants were found equally repressed, indicating an obligatory cooperation of NS1 and NS2 in antagonizing IFN-mediated antiviral mechanisms [28] . Whereas in MDBK cells the lack of either or both NS genes resulted in a 5,000-to 10,000-fold reduction of virus titers, in Vero cells a moderate (10-fold) reduction was observed [28] . It will help in generation of live recombinant vaccines.
Single amino acid changes in virus antibody resistant mutant show reduced neurovirulence [5] and poor undetectable hemagglutinating activity in comparison to parent virus [5] . However, a change from the aspartate to asparagine at amino acid 308 in Scottish strain of louping ill virus represented a potential glycosylation site and acted as strong determinants of virus generated virulence [5] . Similar neutralization resistance is also developed in immune escape mutants with an amino acid substitution in transmembrane protein due to alteration of a conformational epitope in HIV virus, mostly in envelope glycoprotein gp 120 [29] . This is the main reason that sera for many HIV-1 infected individuals contain broadly reactive specific neutralizing antibodies [29] and its mutant strains were found resistant to neutralization antibody effect that also target the CD4 receptor attachment site [30] . It is also possible that point mutations may affect the serotype reactivity [6] and may have a major impact on the design of live recombinant vaccines [28] . These mutations in nonstructural proteins result in virus escape from cytokine mediated host cell responses or show inhibitory effects to type I interferons [28] (Table 1) .
Similarly, potent antibody mediated neutralization and antigenic escape was also detected in new variant of SIV strain SIV Mac 239 [31] . Such changes in HIV induced type 1 monovalent and trivalent envelope glycoproteins result in induction of neutralizing antibody responses in host animals [32] , while N terminal substitutions in HIV-1 gp 41 reduce the expression of envelope glycoprotein on the virus [33] . Thus, mutations that occur at individual codons in the glycoprotein gene of the geographically diversified infectious hematopoietic necrosis virus give rise to more molecular adaptations to viruses [4] . More importantly, removal of single N linked glycan in HIV type 1 gp 120 results in an enhanced ability to induce neutralizing antibody responses [34] . Similarly, mutations are generated within potential glycosylation sites in the capsid protein of hepatitis E virus, which prevent the formation of infectious virus particles [35] but N-linked glycosylation of E2 glycoprotein of swine fever virus influences virulence in swine [36] .
Similarly, HCV E2 glycoprotein mutagenesis of N-linked glycosylation sites has effects on E2 expression and processing [37] , while a single site for N-linked glycosylation in the envelope glycoprotein of feline immunodeficiency virus and PRRSV (porcine reproductive and respiratory syndrome Journal of Viruses 5 virus) modulates the virus-receptor interactions and generates immune responses [38, 39] . Similarly, single N glycans play important role in proteolytic process and cell surface transport of glycoprotein in viruses [40] . However, N-linked deletions made in new fusogenic viruses showed an increase in replication, virulence, and immunogenicity [41] . Further, mutations caused due to replacement or deletion of these sites affect epitope determinant that results in resistance to monoclonal antibodies or neutralization antibodies as well [42] . Similarly, NS1 glycoprotein generates dramatic antibodyenhanced dengue viral replication in normal outbred mice resulting in lethal multiorgan disease [43] . Heparan sulphate binding by natural eastern equine encephalitis viruses promotes neurovirulence [44] .
The antibody resistant mutants are generally formed due to either change in single amino acid codon [5] or due to an amino acid substitution in the transmembrane protein [29] . Such mutations do significant alteration in conformational structure of epitope that is recognized by neutralizing antibodies directed against receptor binding site [29] . For example, single amino acid substitution (A281V) within conserved region of the envelope glycoprotein gp 120 confers neutralization resistance against broadly reactive neutralization antiserum from a seropositive individual [29] . Similarly, mutation in fusion peptide affects antigenic site in globular region that also affects the binding of monoclonal antibody [45] . For example, in case of influenza virus, a monoclonal antibody (Y8-10C2) binds to the globular domain of hemagglutinin monomers or an epitope that is located at the interface of adjacent subunits [45] . Similar neutralization epitopes are also detected on VP7 surface protein serotype G11 porcine virus [46] , pandemic influenza H1N1 hemagglutinin, and other respiratory viruses [47] . Similar reactive epitopes are also characterized on dengue 3 virus envelope protein domain III [48, 49] , influenza A virus variants (Humberd et al., 2007 [50] ), and a linear epitope on the enterovirus 71 VP2 protein which generates antigenicity and neurovirulence [51] . It is also true that antibodies generated in response to different viral antigens show broad reactivity. But, at the same time, various virus resistant neutralization antibodies may circulate in the blood stream, even then virus escapes the immune defense [29] . Therefore, mutation analysis of the cross-reactive epitopes of Japanese encephalitis virus envelope glycoprotein is highly essential and important to improve the accuracy of clinical diagnosis of flavivirus infections [52] .
Thus, mutations generated in virus genome not only affect epitope conformational structure in antigenic binding region of protein but also affect protein folding [53] . These more promptly generate conformational flexibility in hemagglutinins which affect also its antigenicity [45] and molecular plasticity [54] . For example, removing of flexible loop of conformational structure of HIV 1 gp 120 proteins significantly changes its structure and function [55] . Hence, there seems to be a correlation between genetic variation and phenotypic fluctuations [56] and immune responses generated by envelope glycoproteins of viruses or vaccine strains [57] . As in eukaryotes, genotypic variants also show different phenotypes but in viruses phenotypic variations are much more while genetic variations are very less. It provides them extra molecular plasticity to recombine with any other virus or any other host and assists in generation of new genetic variations. Though, in eukaryotes, it is possible by spontaneous amplification of large chromosomal segments [58] . Further, changes, which are made by substitution mutation, seem to be good enough to enhance immune responses. But gene rearrangements induce antineutralization potential of viruses, which also led to altered neuroinvasiveness and neuropathogenesis [59] . However, amino acid residues that contribute to the neutralizing and enhancing epitopes localized into two regions and show partial overlaps in the homologous antigenic sites. Mainly these are designated like A1 and A2 in S glycoprotein of feline infectious peritonitis virus (FIPV) [60] . These antigenic sites are responsible for eliciting both neutralization and antibody dependent enhancement of immune responses [60] . Similarly, induction of G alpha (q) signaling cascade by HIV virus envelope is required for virus entry [61] .
Similarly, single site mutation in the flavivirus envelope protein hinge region increases neurovirulence for mice and monkeys but decreases viscerotropism for monkeys [62] . However, few amino acids in the stem loop region were found to be involved in intracellular retention of envelope protein. It may affect antigenicity and neurovirulence [63] . However, secretion of noninfectious dengue virus like particles and Japanese encephalitis virus peptide present on Johnson grass mosaic virus-like particles induces virusneutralizing antibodies and protects mice against lethal challenge [64] . Similarly VSV glycoprotein displaying retrovirus like particles induce a type 1 IFN receptor dependent switch to neutralizing IgG antibodies [65] , while HIV 1 envelope proteins trigger polyclonal Ig class switch recombination through a CD 40 independent mechanism [66] . When these envelop proteins are used as antigens to prepare a vaccine, these could elicit a functional complex human CD+ T cell response and induce cytotoxic T lymphocytes [67] . Contrary to this, other virus gene products that inhibit ATP binding (Hewitt et al., 2001 [68] ) express a restricted repertoire of T-cell receptors [69] , and induce multicentric lymphomas [70] and multiple pathogenic symptoms [69, 71] . Similarly, antigenic variations are also detected in glycosylation sites of hemagglutinin protein of H5N1 strain due to single mutations [72] and Influenza virus induced yeast cell surface proteins [73] . However, for knowing replacement based antigenic variabilities in JE virus, complete genomic characterization is highly essential and needful [17] .
In addition, viruses also show property of immune escape to keep away themselves from action of neutralizing antibodies [29] and opt for multiple pathways [74] . However, due to occurrence of single site mutations in nucleotide sequence of the envelope glycoprotein gene, virus escape mutants showed resistance to polyclonal antiserum [75] and antilogous neutralizing antibodies [75] . Sometimes these neutralizing epitopes showed reduced neurovirulence in comparison to parent virus and failed to induce protective immune responses against lethal challenge in mice. In addition, these mutants with the lowest virulence remain less effective, show poor and undetectable hemagglutinating activity. However, Journal of Viruses cross-neutralization tests and sequence analysis should be performed to locate antigenic sites. However, such intratypic variations account for selection of mutation at different positions in virus envelope proteins [46] (Table 1) .
Single Site Mutations in N Glycosylation
Sites. Single site mutations occurred in hemagglutinin-neuraminidase glycoprotein of different viruses affect antigenic specificity, functionality, and differentiation of a number of genotypes. However, amino acid substitutions done by creating single site mutations in hemagglutinin-neuraminidase glycoprotein showed different antigenic properties. These not only alter the antigenic structure and function of glycoproteins but also affect virus penetration in the cells [76] . These antigenic mutants selected with monoclonal antibodies delineate four nonoverlapping antigenic sites (I-IV) and separately inhibit hemagglutinating, neuraminidase, and hemolysis activities [77] . The temperature-sensitive (ts) neuraminidase (HN) glycoprotein of Sendai virus was found defective in its ability to agglutinate erythrocytes and infect host cells, while its neuraminidase activity was normal [77] . Similarly, glycosylation of the hemagglutinin-neuraminidase glycoprotein of human parainfluenza virus type 1 affects its functional but not its antigenic properties [78] . More specifically, antibody blocks only hemagglutination, but mutants selected with it showed a decrease in neuraminidase activity. It shows that neuraminidase site is close to, but distinct from, the hemagglutination site. Similarly, migration of the swine influenza virus -cluster hemagglutinin N-linked glycosylation site from N142 to N144 results in loss of antibody cross-reactivity [79] .
The flavivirus E protein is the viral haemagglutinin, which induces protective immunity and mediates receptor specific virus attachment to cell surfaces [80] . The E protein plays major role in determining viral pathogenicity by defining cellular tropism and affecting penetration into susceptible cells [81, 82] . The mutations in these proteins affect viral attenuation. These proteins are responsible for antigenicity in most of the viruses mostly infectious. However, antigenic variants of flaviviruses (Murray Valley encephalitis virus) showed altered hemagglutination properties and reduced neuroinvasiveness in experimental animals. It is only propagated by amino acid substitutions that lead to a significant change in virus envelope protein [16] . Similarly, single amino acid change within antigenic domain confers resistance to virus neutralization in spike protein of coronavirus [21] . Further, similar mutants of BCV were found resistant to the selecting group A MAb and sensitive to neutralization, but showed loss of reactivities [21] . The A528V mutation that occurred in domain II into the wild-type spike protein resulted in the loss of MAb binding of the mutant protein, confirming that the single point mutation was responsible for the escape of BCV from immunological selective pressure [21] (Table 1) .
Similarly, human parainfluenza virus type 3 hemagglutinin-neuraminidase protein showed N-linked glycosylation [83] . This hPIV-3 hemagglutinin-neuraminidase (HN) protein is a multifunctional protein that mediates hemadsorption (HAD) and neuraminidase (NA) and shows fusion promotion activities, each of which affects the ability of HN to promote viral fusion and entry [83] . This protein contains four potential sites (N308, N351, N485 and N523) for Nlinked glycosylation whose systematic elimination in various combinations from HN to form a panel of mutants affect cellular immunity [83] . But removal of individual or multiple N-glycans on the hPIV-3 HN protein had no effects on transport to the cell surface, expression, and neutralization activity [83] . However, few important amino acids found in E protein are considered to be located on E0 beta strand in domain I of E protein [84] but have shown presence of such amino acids at E-138, which upon mutation in JEV from Glu to Lys inhibits viral spread from cell to cell [3] . More specifically, mutations occurred in external loop region of domain II of dengue virus type 2 envelope protein showed serotypes specific binding to mosquito but not mammalian cells [19] . However, low-pH-induced rearrangements and mutations that occurred in flavivirus E protein [85] affect its structure. These also affect conformational structure of E protein derived peptides and change them from dimer in to trimer [19, 86] . This structural transition of E protein is found responsible for viral cell binding and entry into the host cells, [1, 19, 86, 87] . Thus, viral cell binding seems to be affected by mutations occurred in the E protein. Moreover, it is also confirmed that E-138 mutation is not located in domain III of E protein, but it is responsible for virus cell attachment under acidic conditions [5] . In addition, every mutant protein retained F-interactive capability may be equal to the wildtype protein capability. It shows that single or multiple N-glycosylation site mutations that inhibited fusion at the earliest stages and N-glycosylation of hPIV-3 HN were found to be critical to its receptor recognition activity, cleavage of the F protein, and fusion promotion activity. It is also possible that it might have no influence on its interaction with the homologous F protein and NA activity [83] . Similarly, HCV E2 glycoprotein: mutagenesis of N-linked glycosylation sites affects E2 expression and processing [37] (Table 1) .
Flaviviruses are internalized after binding to glycosaminoglycan (GAG) residues on cells, and other molecules are involved in virus entry for some viruses such as lectins [88] . Single glycosylation site mutants (G1, G2, and G4) not only impaired fusion promotion activity but also reduced HAD activity of HN protein, which was even more obvious for all three double mutants (G12, G14, and G24) and the triple mutant (G124) [83] . Entry of HIV-1 into cells is mediated by interactions between the envelope (Env) gp120 and gp41 proteins with CD4 and chemokine receptors or via formation of an intermediate called the viral fusion complex (vFC) [89] . The Ab binding to the epitopes that appeared during viral membrane fusion might reinforce the appearance of the target epitopes for effective neutralization activity [89] . Similarly, Hepatitis C virus genotype 3a hypervariable region 1 in patients showed rapid virological response to alpha interferon and ribavirin combination therapy [90] .
Changes in Gene Order and Virus Specific Proteins.
Changes in gene order in virus genomes evolve over very long times that also affect the linear order in position of genes and its activity. However, comparison of gene order in different Journal of Viruses 7 mutants developed form single endemic strain of virus could explore about all future possibilities of mutations. However, if all possible mutations and permutations are calculated based on sequential changes one can theoretically predict the valuable shifts in glycosylation and antigenic site in single epitope of a RNA fragment. Further, all such predictions obtained from in silico studies could be experimentally proved in various biological systems. However, all possible gene order per-mutated genomes of JE virus could also help to predict future infectious progenies of virus. Furthermore, it will also provide primary information about most possible/suggestible mutation types, its existing mutation rate, and ongoing effect in present time. However, sum total of genetic variabilities generated may show initial multiplicity of infection. It can be used for correlation of genome organization of each strain with its progeny production. However, shifts and reshifts occurred in location of specific genes in new strains if compared with wild strains. These could also build up the most suitable antigenic profile that is required for generation of suitable vaccine(s). But overexpression of any protein could inhibit virus growth, or permutations may reduce expression of gene N which codes for the nucleocapsid protein wild-type genome (Table 1) .
JEV contains positive single stranded RNA genome, approximately 11 kb in length. Virus genome contains a single open reading frame with a well-arranged gene order as 5 C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-2K-NS4B-NS5 3 [90, 91] . It encodes viral proteins [92, 93] , mainly a precursor polyprotein having three structural proteins (C, prM, and E) and seven nonstructural proteins (NSI, NS2, NS2B, NS3, NS4A, NS4B, and NS5) [94] . Among nonstructural proteins, NS3 is a multifunctional protein having 619 amino acid residues and shows enzymatic activities like serine protease, helicase, and nucleoside triphosphatase. NS3 plays important role in the processing of the viral precursor polyprotein and the replication of viral genomic RNA [95] . In infected cells, NS3 is associated with microtubules and tumor susceptibility gene 101 protein and plays essential role in viral packing and intracellular trafficking of various viral components. In general, structural proteins C, prM, and E are in a greater demand than the enzymatic protein (NS3) during the viral infection cycle [96, 97] . However, simulated virus can show position effect of all genes, which can be experimentally proved for various ranges of infection. These could also elucidate alternate patterns of gene expression and enzymatic requirements for virus replication. However, there must be suitable selection of a cellular microenvironment inside specific cell types. For example, neuronal cells are most suitable sites for establishing and replication for JE virus. Because virus finds availability of all necessary enzymes, factors, cofactors, ionic fluxes, and proteins in the cell cytoplasm. But it should need a close association with host genome for replication and making working transcripts and phenotypes. Further, transcription and replication cycle need readymade contents of proteins that has to be adequately synthesized and its supply is maintained regularly during this period. Interestingly, if this gene for most essential protein is rearranged it would lead to a change in level of transcription, as it is located at position much differently in the wild-type genome. Similarly, N-gene rearrangement strains engineered by Wertz et al. [98] gave positive results in experimental and simulation studies. Therefore, structural proteins remain in a greater demand than the enzymatic protein during the viral infection cycle. Further arrangements are also possible with the movement of structural protein genes toward the 5 end that may possibly reduce its level of transcription (Table 1) .
There is a possibility that mutation in transcripts induce changes in gene expression related to cellular signaling pathways of signal transduction; transcriptional regulation may also affect carbohydrate, lipid, and protein metabolism [99] . However, alternative patterns of gene expression, achieved by changing the linear sequence of genes in the viral genome and its confirmation in various biological systems, could affect the growth of virus. Comparatively, defective mutant strains might show reduced expression of these genes, while high expression resulted from wild-type mutant strains of JE virus. It is also possible that virus growth can be exquisitely sensitive to perturbations in expression of some of structural genes while at the same time it may remain insensitive to perturbation in the expression of other genes. For example, Simian immunodeficiency virus targets central cell cycle functions through transcriptional control of an E2F regulated cell cycle program that does repression in vivo [100] . It shows massive and selective loss of CD4+ memory T cells that occurs during the acute phase of immunodeficiency virus infections. However, gene expression of purified T cells in Rhesus Macaques during acute SIVmac239 infection transcriptional program of over 1,600 interferon-stimulated genes was induced in all T cells by the infection. With this, all transcriptional changes were found specific to virally infected cells. It is due to striking downregulation of several key cell cycle regulator genes, which shared promotor-region E2F binding sites in downregulated genes. In addition, the upregulation of the gene for the fundamental regulator of RNA polymerase II, TAF7, displays that viral interference with the cell cycle and transcriptional regulation programs may be critical components during the establishment of a pathogenic infection in vivo [101] . Further, high mutant frequency was observed in populations of a DNA virus evasion from antibody therapy in an immune deficient host [102] .
More specifically, influenza virus subpopulations show exchange of lethal H5N1 virus NS for H1N1 virus. It triggers de novo generation of defective interfering particles and enhances interferon induced particle efficiency [10] . Here, reassortment plays important role as influenza A viruses are known to affect viability, replication efficiency, antigenicity, host range, and virulence and can generate pandemic strains. There was observed a specific exchange of the NS gene segment from highly pathogenic A/HK/156/97 (H5N1) [E92 or E92D NS1] virus for the cognate NS gene segment of A/PR/834 (H1N1) [D92 NS1] virus that did not cause a significant change in the sizes of infectious particle subpopulations [10] . Similarly, interaction of the HIV-1 nucleocapsid protein with SL3 RNA felt some real changes, which are attributed to loss of function of the H5N1-NS gene products [10] . Most notably, the NS exchange obliterated the usual IFN-induction-suppressing capacity associated with expression of full-size NS1 proteins, and hence functionally mimicked deletions in the NS1 gene. The loss of NS1-mediated suppression of IFN induction, de novo generation of DIPs, and the concomitant enhancement of IFN-inducing particle efficiency suggests that in an attenuated background the H5N1-NS could be used to formulate a self-adjuvanting live attenuated influenza vaccine similar to viruses with deletions in the NS1 gene [10] . Similarly, stability of the 1 : 1 complex of NCp7 with a 20mer mimic of stem-loop 3 RNA (SL3, also called psi-RNA, in the packaging domain of genomic RNA) is strongly affected by changes in ionic strength [103] . Similarly, strain specific induction of IL-6 and CCL5 in respiratory epithelial cells by clinical isolates of respiratory virus strain is also identified [104] .
Recombination Is a Source of Genetic Diversity and Therapeutic Resistance
In a phylogenetic hierarchy, viruses share common properties to recombine and replicate very simply; they even possess complex antigenic structural and nonstructural proteins that generate neurovirulence in human and animal hosts ( Table 2) . Viruses possess many natural disease genes, which are easily rearrangeable and mutable after sensing the environmental changes and media available. Viruses in animal hosts recombine with the virulent and nonvirulent viruses or associate with more complex animal host genomes. Thus, viruses insert highly pathogenic lethal genes into new strains through recombination, for which they harbor the immune cells, tissues, and organs and try to destroy structuralfunctional attributes of virus recognizing molecules on the surface of immune surveillance cells. These give rise to either temporary or permanent severe pathogenic changes and lastly kill the host. More often, there are experimental evidences that RNA recombination occurs in the Japanese encephalitis virus within host cells only, [101] but PCR based methods are also used for generation of recombinant virus [105] . It is another factor associated with generation of genomic variations in viruses in laboratory setups. Normally, during recombination, two strains of a virus having different genotypes recombine inside host transfer their lethal genes and infect the host or cells in such a manner that both strains may infect the host cells simultaneously. Thus, liberated progeny virus particles may be actual recombinants, most likely to parental combination which occurs in viruses. It leads to basic changes in viruses, which help to increase the host range, virulence, and cause mixed infections. However, resulting progeny virus may show high recombination frequency in host, when one pathogenic and one nonpathogenic virus recombine, either frequency will be affected, or there may be some chances of decrease in RF. If it happens so, then viruses more exclusively reject retrogression and it will not recombine with a nonvirulent strain. It is assumed theoretically that a fatal decrease in virus recombination may decline the virulence forever. However, it can be assumed that antagonistic RNA viruses will become real solution for so many infectious diseases. Further, it seems to be impossible due to natural selection and avidity principle of biomolecules.
The most critical thing is that two interacting lines of viruses are not available on near genetic distance; however, path of infection, mutations, and reemergence are self-proclaimed in viruses that solely depend on the natural environment and host availability. Another important question is that if deletions take place single time for single amino acid and no replacement is being made available second time, what may be the fate of a low recombining strains in artificial and natural medium? Since duplications can happen easily, parental strain undergoes duplication many times and gives rise to hundreds of virions from a single infected cell. However, it is true that every recombinant product shortly after infection may undergo further exchange at later times so that several rounds of exchange become possible within the host before cell lyses. Postrecombination events can also modify mode of infection, latency, persistence, and neurovirulence in flaviviruses.
In addition, recombination also occurs between genetically similar viruses as well as between dissimilar viruses ( Table 2) . If intragenic intra-allelic recombinations occur, it may lead to formation of wild-type mutants in F1 progeny of a heterozygote for two mutant alleles. Viruses may possess autonomous elements, which can confer excision of any specific change in any position in the virus genome; contrary to this, no nonmutable virus is known until the date. Still there is no information available on elimination of defective mutants generated in virus progenies. In addition, integration host factors (IHF), interacting virus proteins, and associating genes may play an important role in nonchoice selection of mutants. They can generate environmentally adapted revertants against any therapeutic drug or a vaccine. It is the replication system which makes viruses more powerful by generating ecologically adapted mutants not only of filoviruses but also of other infectious viruses. If production of both integrase and repressor is inhibited, it will stop multiplication and act as an important switch to make off the virus pathogenicity. In addition, in case of enveloped viruses, ribosomal binding sites may have important role in control of virus framework and envelope protein synthesis. More importantly, mutant strains are also formed due to the lack of a proofreading function and error-repairing ability of genomic RNA. Hence, accumulated mutations work as a driving force for viral evolution in the genus Flavivirus, including the Japanese encephalitis (JE) virus. RNA recombination generates genetic diversity in the JE virus, which is an ancestral feature that worked in viral evolution, and effects epidemiology, and possibly vaccine safety (Table 2) .
Further, it is also proved by genomic analysis of postrecombination strains that virus isolates established independently have shown significant increase in neurovirulence in comparison to their parents even they show close similarity to them. It is true that viruses have been evolved from common ancestry from which other microbes come out in existence. These viruses infect different hosts, but sustain in inside hosts due to molecular changes at amino acid and enzyme levels even after common evolutionary origin. Further, different diverging lineages also emerged among different clinical isolates of JEV; they show both collective and individual differences. Reemergence of clinical viral strains is a hot area to decide the reasons of emergence and increase in severity of disease, whether these are genetic, clinical, or ecological reasons. Naturally, it may never be selective to occur in preferential recombination sites and these are not very precise hotspots, but it is very common theme that viruses share recombination between different groups that imply common ancestry. However, high sequence diversity generating through recombination is evolutionary in nature, also implies common ancestry and shows long chain of replication in one or more human hosts. Each of these events had to have occurred in single individual although not necessarily the same one. However, RNA recombination occurred in the JE virus by using two local pure clones (T1P1-S1 and CJN-S1) which were, respectively, derived from the local strains, T1P1 and CJN [101] . It showed a C/preM junction comprising a fragment of 868 nucleotides (nt 10-877). Further, it was found that 9 of 20 recombinant forms of the JE virus had a crossover in the nt 123-323 region. However, in most of the recombinants, no nucleotide deletion or insertion identified in the region that may favor crossovers but precisely homologous recombination was involved. However, using site-directed mutagenesis, three stem-loop secondary structures were recognized to destabilize or restabilize in sequence, leading to changes in the frequency of recombination. It shows that the conformation, not the free energy, of the secondary structure is important in modulating RNA recombination of the virus [101] . Besides this, intratypic recombination was observed among lineages of type 1 vaccine derived poliovirus emerging during chronic infection of an immunodeficient patient [105] . Interestingly, some vaccine progeny, reverted to wild phenotype, showed only 2-3 nucleotide substitutions differences [106] and high neurovirulence [107] . Similarly, circulating poliovirus also frequently recombine with genomes of the polio and other nonpolio enteroviruses, either in primary or subsequent hosts, and show reversion effects [108] [109] [110] . When these strains were analyzed for its genetic analysis, the recombination junctions were found clustered in particular subgenomic regions of new serotype of the clinical isolates [111] . Similarly, circulating JE virus also frequently recombines with genomes of other flaviviruses and nonflaviviruses in primary and subsequent hosts [112, 113] . More often, this recombination may occur in subgenomic regions and/or on the associations of genomic segments in recombination [105, 109, 114] (Table 2) .
However, if intratypic recombination takes place between two flavivirus strains, one with normal genome and another having a single site point mutation in genome, will give rise a new mutant strain with a single site mutation or any other non-useful nucleotide substitution throughout the genome [105] . It will lead to synthesis of defaulted enzymes or proteins that may promote neurovirulent susceptibility in host cells after having a close interaction to membrane receptors of immune defense cells. Thus, the number of shared identical recombinations and types of mutations occurring (amino acid substitutions) in neutralizing antigenic sites of E glycoprotein genes or proteins is major reason of formation of ecoclimatic variants of JE isolates. Thus, two viruses recombine intratypically, in progeny viruses its neutralizing antigenic sites may differ or remain similar is an important issue for molecular immunobiologists. It is much possible that new mutant/variants of virus may acquire altered neutralizing antigenic sites that may slightly differ from their parents. If we compare first strain with last to last newly emerging mutant strain of JEV, three important questions arise, what will be the exiting mutation rate and possible change in antigenic and recombination sites ( Table 2 ). It may be equal to the induction in rate of infestation. However, all minor changes occur in complementarity determining regions or antibody-binding sites may display the evolution of lineage and changes that occurred in recombining region. Then what will be the fate of newly emerging ambiguous strains with defaulted genotypes evolved from noninfective strains, or those, which arise after recombination of a noninfectious virus to an infectious virus. In such a condition what may be the possible impact on host-to-host transmission of disease in a population with low to high immunity bearing individuals and between unimmunized and immunized human hosts. Similarly, if exotic strains of viruses are used to prepare a live attenuated vaccine for immunization of endemic population. Further, it is very difficult to identify possible start sites for reversion and re-reversion in the genome of vaccine derived virus strains. However, reemergence is not only due to natural reasons but due to vaccination, hence in order to solve this problem new replacing strains with ecologically adapted strains are upcoming. These are recombining with some common viruses and passing through a phase of reverse mutation, coadaptation, acclimatization, and fixation of postrecombination genetic factors rapidly to achieve its ecological survival. Hence, deletion methods are proved efficient to characterize the type of virus and mutations established in the genome.
However, theoretical prediction of formation of most possible single site reversion through recombination or any substitution mutation displays susceptibility of virus proteins to various hosts. However, to prove it, two hypothetical recombining strains with nucleotide/amino acid sequence like 1 2 3 4 5 (M+) strain and 6 7 8 9 10 (M−) strain recombine inside host; the new progenies may possess following order of % recombination frequency ↑ < PS, ↑ < PS, ↓ PS, ↑↓ similar to PS. These might be 0.699-1.33, which is a clear-cut deviation form 1.0. However, strains which will show % RF more than 1.0 will be highly virulent, 1.0 will be equal to their parent strain, and less than 1.0 recombinant frequency will be of low virulent type (Table 2 ). There will be rising trend in recombination frequency and neurovirulence in future progenies either similar or more than the parental strains. More exceptionally mutants with less than 1.0% recombination frequency might be temperature sensitive and hence eliminated in the nature or recombine at very slow rate, which can be said as bottom dwellers, but they might be improved when any highly virulent strain recombine in the future. Therefore, cluster specific reversions may slow down the rate of neurovirulence for a very short period but they take a lead after having possible reversions/mutations at a much proper site. However, it can be assumed that the changes, which occur in 5 upstream of virus genome mutations, will be more effective and lead to both genotypic and phenotypic expression in host systems. More specifically whether changes occur in right side of amino acids in epitopic region or in core amino acids in structural proteins will be more significant according to the viewpoint of neurovirulence and antigenicity in newly emerging mutants/variants of JE virus. Further, changes in half-overlapping cluster or a common amino acid for two clusters will be more susceptible site for a significant alteration in the genome for genesis of high antigenicity and neurovirulence; that is why in a set of 5 sequences of cluster, amino acid number at position 3 might have major role in antigenicity determination (Table 2) . However, substitution mutations are considered as important candidate molecule inside a structural protein or the RNA genome of JE virus that essentially acts as a complete antigenic determinant. Further, these sites are found highly flexible which is why these can gain assess of any type of shifting due to any type of mutation and allow positioning of a much appropriate and most required amino acids in the epitopic region. It is a common happening in all the pathogenic viruses. Further, when these sites undergo recombination with a less virulent virus, they maintain its own recombination frequency more intact or for say they never recombine between or on these sites. If anyhow recombinations occur, they never adapt % recombination frequency half of the parental strain (0.5 of PS) and remain in the main stream to advance or increase its recombination frequency by transferring low virulent regions out of the group function or excluded out during replication. Further, copy editing in base sequences might be corrected inside amplifying host amplification. It is the main reason that GI and GIII are evolving new strains by recombining through near overlapping sites of structural genes, which are generated by various mutations (Table 2) . However, newly emerging variants are showing heterologous genotypes with variable phenotypic expressions in different hosts. However, number type of amino acids in antigenic sites, protein folding, order of placement, and its possible effect on structure of virus structural proteins are the real cause of high virulence. Hence, certain amino acids, which act as live virulent switches, positioned in E and prM proteins, which effect 3D structure of virulent proteins and express differently in different host systems, are quite valuable and important for generation of most appropriate vaccines. Similar trend will be followed if reversions occur in more than two sites, but these will give rise to low recombination frequency genotypes that will be eliminated by repression effect by virus itself.
JE Therapeutics
It is a well-known fact that viral proteins elicit pathogenesis in hosts by establishing attachment with receptors of healthy cells and entry into the host. Therefore, to obstruct the infection at initial stage vaccination of infants and children is highly essential. It may stop cellular attachment of virus and nullify its effect. However, numerous options of JE vaccine preparation are available for prevention of Japanese encephalitis, but vaccine having a good molecular design with many antigenic determinants could be found more efficacious and may provide high safety profile against JE virus. However, for achieving high protection efficacy and feasibility for an effective JE control, new vaccines are designed by construction of chimeric viruses. These cDNA infectious clones and synthetic virus strains are generated by incorporating sequences most essential for viral antigens using site directed mutagenesis [72] . However, selective and strong viral antigens with a varied structure may stop attachment of virus and its replication inside host cells. It could also desirably stop reversion of neurovirulence. Thus, it can be considered more suitable for vaccination purposes. Furthermore, induction of differential enhancement of virus immune complex formation and eliciting of strong immune responses may increase the protective efficacy of vaccines. Therefore, designing better antigenic epitopes and genetic profiling of infectious DNA clones, plasmid incorporated mutations, genetically engineered chimeric viruses, VLPs, and synthetic viruses are widely in use for making necessary changes in genome by using site directed mutagenesis. However, more suitable vaccine candidates are needed for development of new potential vaccines against flaviviruses.
Use of Potential Viral Antigens.
Virus possesses a protein coat called capsid which is made up of protein subunits, whose arrangement is virus specific. In some viruses, it is covered by an envelope made up of lipids, proteins, and carbohydrates. Contrary to this, some of the animal viruses are released from the host cells by an extrusion process that coats the virus with a layer of host's plasma membrane. Later on it becomes the viral envelope. Viruses are also covered by spikes, a carbohydrate protein complex that project from the surface of envelope virus; it helps the virus to attach with a host cell. For example, by means of spikes influenza, virus clump red blood cells and form bridges between them [115] . This clumping is called hemagglutination and is an important laboratory test [45] . Contrary to this, nonencapsulated viruses protect the nucleic acid from nuclease enzymes in biological fluids and promote the virus attachment to susceptible host cells. In response to viral infection, host immune system is stimulated and produces virus-neutralizing antibodies, which could inactivate the virus. However, viruses much cleverly escape antibodies because of significant alterations incorporated in the structure of envelop or surface proteins. Thus, altered surface proteins of viruses and host antibodies do not remain able to react to each other [116] . This is the main reason that influenza virus infects the same host repeatedly and every time mutates to defy action of antibodies [117] .
How to Stop Viral Replication.
Plants possess enormous power to synthesize phytochemicals to counteract different microorganisms because they remain in direct exposure of environment. However, to make a strong counter attack, plants synthesize so many broad-spectrum antimicrobials against various groups of microbes. However, to make an early defense, plants synthesize natural products of diverse nature and activity most similar to antibodies generated by animal hosts. Among them, few important plant products such as Glycorrhizin, a triterpinoid glycoside and licorice isolated from Glycyrrhiza glabra, and an ammonium salt of glycorrhizic acid showed antiviral activity against Japanese encephalitis virus [118] . Similarly, isoquinoline alkaloids and other constituents isolated from Amaryllidaceae were found effective against JE virus, yellow fever and dengue virus, alphavirus, and lentivirus [119] . Lucidone, a phytochemical isolated from fruits of Lindra erythrocarpa Makino, significantly suppressed HCV RNA levels at 50% effective concentrations of 15 + 0.5 M and 20 + 1.1 M in HCV replication [120] . However, lucidone and alpha interferon, the protease inhibitor telaprevir, the NS5A inhibitor BMS-790052, or the NS5B polymerase inhibitor PSI-7977, synergistically suppressed HCV RNA replication [121] . Similarly, Glycyrrhiza uralensis extract showed antiviral properties against several viruses mainly rotavirus [122] , while Euphorbia neriifolia triterpenoids and flavonoid glycoside were found to be antihuman coronavirus [123] . Further, galantamine and lycorine alkaloids isolated from Amaryllidaceae showed antitumor properties [124] . More specifically, Croton crassifolius that contains clerodane diterpenoids showed antiviral activity against herpes simplex virus type 1 [125] . Green tea leaves possess catechins which showed immune-stimulatory and antiviral activity against human papillomavirus [126] while Cimicifugin from Cimicifuga foetida against human respiratory syncytial virus [127] . The roots of Wikstroemia indica contain dilignans that showed in vitro antiviral activities against respiratory syncytial virus (RSV) [125] . Algal sulphate polysaccharides showed anti-HIV, antiherpes, and antihepatitis activity [123] . Similarly, bioactive phenolic compounds from Egyptian Red Sea Seagrass Thalassodendron ciliatum showed antiviral activity against herpes simplex and hepatitis A virus [128] while Azadirachta indica polysaccharides were found antiviral to poliovirus [129] . Oral administration of Astragali radix showed protective effect against JEV in mice [130] .
Similarly, houttuynoids A-E, a new type of flavonoids isolated from the whole plant of Houttuynia cordata, exhibited potent anti-HSV (herpes simplex viruses) activity [131] . Phenolic glycosides such as hedyotoides A-E including a new cyanogenic glycoside isolated from the whole plants of Hedyotis scandens showed in vitro antiviral activity against respiratory syncytial virus (RSV) [127] . Cimicifuga foetida was found antiviral against Human respiratory syncytial virus (HRSV) and inhibited the cytopathic effects of HRSV by a plaque reduction assay in both human upper (HEp2) and lower (A549) respiratory tract cell lines [125] . Similarly, triterpenoids from leaves of Euphorbia nerifolia showed antiviral activity against human coronavirus [123] . Moreover, herbal products from green tea and turmeric contain bioflavonoids, that is, Curcumin and catechins, which exhibit virucidal and virustatic actions [132] . Similarly, polyphenolic compounds such as catechins occur in green tea are known to have strong anti-influenza activity [132, 133] while Pokeweed antiviral protein (PAP), a plant-derived N-glycosidase, exhibits strong antiviral activity against several viruses including HIV-1 [134] .
Silymarin, extracted from the milk thistle plant, Silybum marianum (L) Gaertn. (Asteraceae) showed antiviral activity against chronic hepatitis C [135] . Similarly, water-soluble chromone derivatives, including chromone-2-carboxylic acids, 2-methyl-chromones, and their structural hybrids, isolated from aerial tissues of Halenia elliptica (Gentianaceae), exhibit a strong inhibitory effect towards hepatitis B virus (HBV) in vitro [136] . Xanthone derivatives isolated from the EtOAc-soluble extract of Polygala karensium showed strong inhibitory effects on neuraminidases from various influenza viral strains, H1N1, H9N2, and novel H1N1 (WT) [137] . Similarly, tannins, flavonoids, saponins, coumarins, and terpenes isolated from leaves of Brazilian medicinal plants showed antiviral activity [138] . Similarly, phytochemicals isolated from marine algae possess novel functional ingredients and show antiherpes virus therapy [139] .
Viruses are intracellular obligate parasites and need host body cells to replicate and express their genes. Viruses usually replicate in six different phases, that is, attachment of virus to host cell, its penetration or entry inside cell, uncoating, replication and expression, assembly, and release. Very simple viral replication produces many progeny that, when complete, leave the host cell to infect other cells in the organism. Interestingly, process of RNA viral replication differs in viruses having double and single stranded DNA and RNA viruses. For example, double-stranded DNA viruses typically must enter the host cell's nucleus before they can replicate. Single-stranded RNA viruses, however, replicate mainly in the host cell's cytoplasm. Interestingly, a single virus particle or virion remains inert because it lacks replication and proteins synthesis machinery. However, all viruses more essentially use host cell systems for replication and its survival. After cell invasion, virus infects a cell and it marshals the cells ribosome, enzymes, and much of the essential cellular components for replication purpose. The nucleic acid in a virion contain only a few of the genes needed for synthesis of new viruses. These include genes for the virions structural components, such as the capsid proteins and genes for a few of the enzymes used in the viral life cycle. These enzymes are synthesized and become functional only when the virus resides inside the host cell. The virus enzymes are almost entirely concerned with replication or processing of viral nucleic acid. But these are also needed for synthesizing viral proteins, including viral enzymes; ribosomes, tRNAs, and energy production are also supplied by the host cell, although smallest nonenveloped virions that do not contain a few enzymes, which usually function in helping the virus, penetrate host cell or replicate its own nucleic acid. Thus, for their own multiplication, viruses invade a host cell, use its metabolic machinery for multiplying its genome, and make several or even thousands of similar viruses in a single host in multiple cycles. This process drastically changes the structure and functions of host cells and usually causes its death. More exceptionally, in few viral infections, infected body cells survive for longer period that produce viruses infinitely. However, sudden invasion of host cells, tissue, and organs, largely by pathogenic viruses, could not make an effective defense because of the very short incubation period and the short life span of JE virus. It causes high mortality and morbidity in JE patients.
Flavivirus RNA genomes encode one long open reading frame flanking 5 -and 3 -untranslated regions (5 -and 3 -UTRs) which contain cis-acting RNA elements playing important roles for viral RNA translation and replication. As it is known, encephalitis virus is a positive (+) sense strand RNA that encodes synthesis of a single polyprotein, which processes into three structural proteins and seven nonstructural (NS) proteins. The regions coding for the seven NS proteins are sufficient for replication of the RNA [140] . These linear RNA genomes of flaviviruses are polycistronic and act as mRNA that is translated into a viral polyprotein that is subsequently cleaved into individual viral polypeptides, one of which is a RNA dependent RNA polymerase. This polymerase uses the (+) sense input RNA as a template for the transcription of (−) sense RNA which in turn can act as a template for the production of nascent (+) sense RNA [141] . This newly transcribed (+) sense RNA acts as mRNA and is used as a template for production of additional (−) strands or packaged as progeny virus. The replication of viral RNA genomes is unique considering that the host cell does not contain a RNA dependent RNA polymerase [142] . To overcome this constraint, the majority of RNA viruses encode their own RNA polymerase that is either packaged with the virus genome or is synthesized shortly after infection. In the first step of viral replication, early proteins or viral replicase is synthesized. This is an RNA-dependent RNA polymerase (RdRp that uses RNA as a template to make more RNA). In next step RdRp copies the original positive-sense RNA strand to make a double-stranded RNA replicative complex [143] . The newly made negative-sense RNA strand is used as a guide to make more single strands of positive-sense RNA. Then, single strands of positive-sense RNA can be used as mRNA to make the structural proteins, which are packaged into the final virions. But assembly of viral capsid is a natural and spontaneous nonenzymatic process. In next step the structural proteins and the positive-sense single strands of RNA are packaged together to bud out or exit the cell when it lyses (explodes). More exceptionally, virus titer decreases when there are no infectious particles present during replication process. Therefore, virus is detected in external medium only when it is released [144] .
More exceptionally, virus infection starts with the attachment and entry of virus inside cell, and after establishment, virus starts replication and performs mRNA production, processing, and expression or translation. Then small virions get assembled and exit for cause of pathogenesis. More exceptionally, host membranes play an important role in (+) RNA virus replication, as the RNA replication complexes released from membranes during purification generally lose the ability to catalyze true RNA replication, although a limited activity may be retained. In general, the intracellular membranes of cells infected with (+) RNA viruses rearrange to form anchor sites for viral RNA replication complexes [145] . Nonstructural proteins with hydrophobic sequences that enable membrane integration or interaction facilitate membrane tethering of the replication complexes. In picornavirus-infected cells, viral RNA replication occurs on the cytoplasmic surfaces of double-membrane vesicles derived from the endoplasmic reticulum (ER). However, there are some proteins that directly inhibit virus replication. For example, antiviral protein viperin inhibits hepatitis C virus replication via interaction with nonstructural protein 5A [146] . More possibly, some specific molecules may inhibit viral replication by inhibiting activity of RNA dependent RNA polymerase [120, 142] .
Similarly, secondary metabolites from endophytic fungi of desert plants showed inhibition of HIV-1 replication [147] while plant derived polyphenols were found to exert antiviral effects against influenza virus and showed inhibitory effect on neuraminidase activity [148] . Similarly, xanthone derivatives from Polygala karensium inhibit neuraminidase activity in influenza A virus [137] 
Stop Attachment of Virus Proteins.
Just after attaching with a host cell, virus gets its entry inside the cell by three types of endocytosis, phagocytosis, receptor-mediated endocytosis, or pinocytosis. Most of the flaviviruses associate with CD46 receptors, which are glycoproteins. More exceptionally, viruses also use clathrin mediated endocytosis for its entry into host cells that is major route for endocytosis in most cells. Clathrin is a large protein that helps in the formation of a coated pit on the inner surface of the cell's plasma membrane. A coated vesicle formed in the cytoplasm of the cell when pit buds into the cell; it sucks in a small volume of fluid from outside the cell and carries it into the cell [151] . Most importantly, Dengue virus bind to heparan sulphate that is a glycosaminoglycan but uses the clathrin mediated endocytosis for its entry in to the host cells. Animal viruses possess attachment sites that binds to complementary receptor sites on the host's cell surface. The attachment sites of animal viruses are distributed over the surface of virus that varies from one group of viruses to other group. However, cells surface molecule or receptor sites of animal cells are proteins, glycoproteins, and glycolipid of the plasma membrane [152] . Glycoprotein possess sugar group attached to the protein, and glycolipids have fat or lipid group attached to it. There are many receptors with different functions for many different viruses. These help in attachment of virus to the host cell and gain entry into the cell for invasion [153] . Similar receptor sites inherited characteristic of every host, which varies from person to person, and show different binding to various virus-associating proteins. That is why, to a particular virus, different host shows variable susceptibility and this could account for differences in susceptibility to a particular virus. Following attachment entry and uncoating, the viral DNA/RNA is released into the nucleus of host cell. During bursts, new progeny of virus are gathered and all are instantaneously released.
However, virus attachment protein (VAP) assists in virus attachment to the receptor located on membrane which enables virus to gain entry into the host cell. Thus, viruses can enter the host cells through different routes; either virus may gain entry by direct penetration, fusion, or endocytosis [154] . Human cells do not have particular receptors for virus (Jolly and Sattentau 2013 [155] ). Following attachment, virus enters into the host cells by pinocytosis and fuses with the plasma membrane forming a vesicle. Enveloped viruses enter the host cell by fusion with plasma membrane and release its capsid into the host cell's cytoplasm. The capsid digests the vesicle's contents or the nonenveloped capsid is released into the cytoplasm of host cell. Therefore, virus makes use of receptors to attach, if attachment is restricted by using antiviral drugs or other pharmaceutical agents viral infection can be prevented more successfully. However, monoclonal antibodies are generated to combine with a virus attachment site or the cells' receptor site. Uncoating also takes place that specify separation of virus nucleic acid from its protein coat once the virion is enclosed with the vesicle.
Stop Reversion of Neurovirulence.
Among all flaviviruses, Japanese encephalitis (JE) virus is the leading cause of acute virus encephalitis syndrome. Virus just after inoculation multiplies its number and invades neuronal cells and causes heavy neurovirulence and pathogenesis. More specifically, amino acids existing in E protein were found neurovirulent determinants. These make highly specific antigenic site in the epitopic regions of viral proteins. If changes are made in these amino acids, antigenic specificity in viruses will change. It is possible after single amino acid substitutions/replacements in domain I of E protein or due to cluster specific reversions. There is a possibility that vaccine progeny can revert to wild phenotype if 2-3 nucleotide substitutions are created between the two phenotypes [106] . This reversion of neurovirulence may occur during primary infection inside host body [107] . However, to cut down the neurovirulence, more effective virus neutralizing antibodies are to be prepared against most appropriate antigenic determinants located in E proteins. Similarly, genetically engineered chimeric viruses are also used as vaccination candidates to stop the neurovirulence. However, to unfold the mystery of possible changes and nonselectivity of certain E protein sequences, humanized monoclonal antibodies can play important role. There is a possibility that composite herbal preparations may cut down virus generated neurovirulence by inhibiting DNA/RNA replication and prolonging the virus multiplication. Besides NS1, peptides derived from JEV E protein contain virus neutralizing epitopes that could be used to generate JEV neutralizing antibodies [64] . However, by analyzing isolate specific crucial amino acid substitutions, more clear evidences could be generated for confirmation of neurovirulence/neuroinvasiveness and antigenicity available today as well its possible enhancement in the future. Further, it may help in assessment of immunogenicity/antigenicity required against future progenies of virus that might influence the outcome of vaccines [2] .
Differential Enhancement of Virus Immune Complex.
Antibody-mediated immunity is critical for protection against many virus diseases, although it is becoming more evident that coordinated, multifunctional immune responses make most effective defense. However, specific antibody (Ab) isotypes were found more efficient to provide protection against pathogen invasion in different locations in the body [156] . For example, antibody isotype, immunoglobulin (Ig) A, provides more protection at mucosal areas. It is known from the use of cationic lipopolymer (liposome-polyethylene glycol-polyethyleneimine complex [LPPC]) adjuvant that it strongly adsorbs antigens or immunomodulators onto its surface to enhance or switch on immune responses. More specifically, LPPC enhances uptake ability, surface marker expression, proinflammatory cytokine release, and antigen presentation in mouse phagocytes [156] . Antibody-dependent enhancement (ADE) of dengue virus (DENV) infection is mediated through the interaction of viral immune complexes with Fc Rs, with notable efficiency of Fc RII. Most human dengue target cells coexpress activating (Fc RIIa) and inhibitory (Fc RIIb) isoforms. More specifically, both Fc RIIa and Fc RIIb isoforms comparably bind dengue immune complexes. Moreover, class II Fc receptors found abundantly distributed which deferentially influence Abmediated DENV infection under ADE conditions at cellular level [132, 157] .
Similarly, differential enhancement of dengue virus immune complex infectivity mediated by signaling-competent and signaling-incompetent human Fcgamma RIA (CD64) or FcgammaRIIA (CD32) [158] . It is assumed that Fcgamma receptor (FcgammaR)-mediated entry of infectious dengue virus immune complexes into monocytes/ macrophages is a key event in the pathogenesis of complicated dengue fever. Further, abrogation of FcgammaRIIA signaling competency was also associated with equally impaired phagocytosis but had no discernible effect on dengue virus immune complex infectivity. It shows fundamental differences between FcgammaRIA and FcgammaRIIA with respect to their immune-enhancing capabilities. Interestingly, there might be different mechanisms of dengue virus immune complex internalization that may operate between these FcgammaRs [158] .
However, it is clear from antibodies interaction that virus neutralizing antibodies neutralize the DENV (Dengue virus) attack on monocytes by either preventing virus attachment to cellular receptors or inhibiting viral fusion intracellularly [159] . However, whether the antibody blocks attachment or fusion, the resulting immune complexes are expected to be phagocytosed by Fc gamma receptor (Fc R)-bearing cells and cleared from circulation. This suggests that only antibodies that are able to block intracellular fusion would be able to neutralize DENV upon Fc R-mediated uptake by monocytes whereas other antibodies would have resulted in enhancement of DENV replication. But in dengue patients, neutralization of the homologous serotypes occurred despite Fc Rmediated uptake. Contrary to this, Fc R-mediated uptake appeared to be inhibited when neutralized heterologous DENV serotypes were used instead. It shows that inhibition occurred through the formation of viral aggregates by antibodies in a concentration-dependent manner. Aggregation of viruses enabled antibodies to cross-link the inhibitory Fc RIIB, which is expressed at low levels but which inhibits Fc R-mediated phagocytosis and hence prevents antibodydependent enhancement of DENV infection in monocytes [159] .
Construction of Infectious
DNA Clones. cDNA clones are used to characterize mutation in viruses [3] and to know the coupling between replication and packaging of flavivirus RNA [160] . These are used for generation of new vaccines against dengue fever and JE [161] . However, infectious cDNA clone of so many viruses, that is, tick borne encephalitis virus [162] , duck Tembusu virus emerging as a flavivirus [163] , west Nile virus [164] , Omsk hemorrhagic fever virus [165] , Brazilian prototype strain of dengue virus type 1 [166] , dengue virus type 2, strain Jamaican 1409, [167] , Japanese encephalitis virus [168] , infectious dengue 2 virus cDNA [169] , and Kunjin virus [170] , were prepared to use them as candidate for generation of new vaccines [171] . However, cloning DNA segments in plasmid vector is useful to study behavior of incorporated genes and sequences in expression systems. But it is a limitation that a plasmid containing a donor DNA has the DNA segment of interest; therefore, confirmatory analysis of such inserts is essential to ensure presence of desirable DNA segment. There may be demarcation line between each one of the natural and artificial systems that is the rate of incorporation of new nucleotides. Interestingly, in natural conditions, during formation of new mutants, whether rate of elimination of defective or nondesirable nucleotides will be very high in comparison to artificial system is an important question to answer. Further, artificially generated mutants that did not face any environmental alteration must revert sooner or later to normal strain, or may precisely improve with the time. There is possibility that such strains may remain unsuccessful to show the host genome integration if used. In natural system, viruses derived from infectious clones may retain neuroinvasiveness and neurovirulence properties of original virus very soon [164] . At the same time it is not mandatory in artificial methods that defaulted copies of mutants be corrected soon; possibly it will depend on the chance of elimination of old nucleotides and fixation of new nucleotides at replacement sites. It may help to reduce the cryptic bacterial promoter activity of virus genome because pathogenic viruses rarely use bacterial hosts or use them in highly unfavorable conditions [172] . Therefore, the regulatory mechanism of virus control certainly possesses triangular reasons. First use nonspecific antigenic sites for advent of new amino acids, cut and cleave the new positions, and apply refixation of favorable amino acids in old replacement sites by upholding old confirmatory translational switches. It helps the virus to read the new genes fetched from human hosts as well as from nonpathogenic viruses and transfect bacterium host. However, new progenies possess triple factors to make its survival more successful and induce high neurovirulence in immune deficient human hosts. With this all further corrections could be made inside amplifying host or any alternate host that might possess nearly similar strains of viruses and bacteria as well.
However, generation of expression-ready ORF cDNA clones of infectious viruses often requires multistep cloning processes as well as lengthy verification and sequence analysis. Besides this, infectious transcripts are also generated by RT-PCR methods [173] or are derived as stable full length cDNA clone of virus [174] or by transcription of virus DNA from full length cDNA template [175] . These can be generated in both ways by transcription and reverse genetic system [176] or are artificially designed [167] . Infectious JE virus RNA can be synthesized in vitro ligated cDNA templates [177] by using high copy number plasmids [178] . Similarly, infectious JE virus clone was made on cDNA template of the attenuated live vaccine production strain [179] while infectious cDNA clones of dengue 2 virus were made by using strain 16681 and its attenuated vaccine derivative strain PDK-53 [180] . Furthermore, a new strategy was followed to design positive RNA virus infection clones by enabling their stable propagation in E. coli [179] and in mammalian cell culture systems [180] . Defective interfering RNAs of JE virus are found in mosquito cells responsible for persistence of infection [181] .
However, a DEN3-DEN4 chimera (intertypic chimeric dengue viruses) was constructed that contains DEN3 CPreM-E genes, which express DEN3 antigenic specificity. It bears Thr-435 → Leu substitution mutations, which ablates the potential glycosylation site sequences, produced in virus E protein identical in size to that of wild-type DEN3 E, indicating that the glycosylation site is normally not used. Further, its intracerebral inoculation in suckling mice revealed that the mutant chimera containing the Glu-406 → Lys substitution was neurovirulent, whereas its wild-type counterpart or parent DEN3 was proved nonvirulent [182] . Similarly, intertypic chimeric dengue viruses are also constructed by substitution of structural protein genes [183] . The RNA transcripts made from these templates were found infectious when transfected into permissive cells in culture. The type 2/type 4 chimera retained the mouse neurovirulence of the dengue 2 virus, which was the source of its structural protein genes. When mice inoculated intracerebrally with the chimera they died, but survival time was prolonged due to retardation of replication in the type 2/type 4 chimeric virus. However, these intertypic dengue virus chimeras could be used for attenuation in primates and possible usefulness in a live dengue virus vaccine for humans [183] .
Plasmid Incorporated Mutations and Vaccine Development.
Plasmid incorporated mutations are highly useful in generation of good viral antigens which can be used for generation of novel vaccines. These mutation based new antigens induce strong antibody responses to the viral envelope glycoprotein (Env) and possess the capacity to neutralize a broad range of viral strains. For example, mutations created in membrane proximal external region of the envelope glycoprotein of human immunodeficiency virus significantly increased the target specify and antibody responses to the virus [184] . Further, neutralizing monoclonal antibodies synthesized target the short and hidden membrane proximal external region (MPER) of the gp41 transmembrane protein.
However, mice immunized with VLPs containing the MPER mutants produced MPER-specific antibodies, whose levels could be increased by the trimerization of the displayed proteins as well as by a DNA prime-VLP boost immunization strategy [184] . Similarly, virus glycoprotein display retrovirus like particles induce type 1 IFN receptor dependent switch to neutralizing antibodies [185] . Similarly, coimmunization with an optimized IL15 plasmid adjuvant enhances humoral immunity via B cells induced by genetically engineered DNA vaccines expressing consensus JEV and WNV E DIII [186] . Contrary to this, human respiratory syncytial virus nucleoprotein and inclusion bodies antagonize the innate immune response mediated by MDA5 and MAVS [187] .
Similarly, immunity level in pig to Hog cholera vaccine was improved by using recombinant plasmid with porcine interleukin-6 gene and CpG motifs [188] . However, in order to observe the dosage-effect of recombinant pig interleukin-6 gene and CpG motifs on the immune responses of swine to vaccine, a novel recombinant eukaryotic VPIL6C plasmid was packed with chitosan nanoparticles (CNP). This VPIL6C entrapped with CNP was found to be a novel effective adjuvant to boost the humoral and cellular immunity of pig to Hog cholera, implying its potentiality to enhance the resistance of pig against infectious diseases [188] . Furthermore, induction of such antibodies represents an important goal in the development of a preventive vaccine against the infection. For which most conserved virus specific complex-reactive antigenic sites would be selected for antibody production [189] .
Similarly, attenuated mutants of Venezuelan equine encephalitis virus containing lethal mutations in the PE2 cleavage signal combined with a second-site suppressor mutation in E1. [190] . The PE2 cleavage signal in a full-length cDNA clone of the alphavirus Venezuelan equine encephalitis virus (VEE) was ablated by site-directed mutagenesis. There was observed a close functional association of the E2 and E1 proteins in the alphavirus spike [190] . Similarly, recombinant plasmid expressing a truncated dengue-2 virus E protein without coexpression of prM protein induces partial protection in mice [191] . A nucleic acid vaccine candidate against dengue-2 virus was constructed to express a truncated dengue-2 E glycoprotein without concomitant expression of prM. The truncated E protein was properly expressed even in the absence of prM [191] . But an imperfect secretion of E protein due to lack of the prM protein generates lower grade protection and does weak activation of the immune system. It clears that prM is important for the processing of the E glycoprotein and that it should be incorporated in candidate vaccines engineered by recombinant DNA technology [191] .
Construction of Chimeric Viruses for New Live Vaccines.
Viruses not only seek mutations inside host body or through artificial means in the laboratory by transfection methods but also avail mutations during storage of vaccines. Many viruses like rabies [7] , West Nile Virus [140] , Yellow fever Virus [1] , Vaccinia virus [9] , and JE virus [8] grow in vaccine fluid or admixtures. These mutations in vaccine strains of encephalitis virus impose risks in development of new vaccines. However, to overcome this problem, more stable mutants or artificial recombinants of two different viruses such as a wildtype flavivirus (Kunjin) and a live chimeric vaccine flavivirus (ChimeriVax-JE) [192] are fused to prepare a new stable strain that can be used for generation of more potential vaccines. It may possess a different genotype and broad spectrum antiviral activity against Japanese encephalitis virus [193] . Similarly, a yellow fever virus (YFV)/Japanese encephalitis virus (JEV) chimera was also prepared by replacement of structural proteins prM and E of YFV 17D, replaced with those of the JEV SA14-14-2 vaccine strain to generate a candidate vaccine against Japanese encephalitis. This chimera (YFV/JEV SA14-14-2, or ChimeriVax-JE) was found to be less neurovirulent than YFV 17D vaccine in mouse and nonhuman primate models [194, 195] . However, ten amino acid differences have been identified between the E proteins of ChimeriVax-JE and the YFV/JEV Nakayama virus, four of which are predicted to be neurovirulence determinants based on various sequence comparisons. Similarly, a series of intratypic YFV/JEV chimeras containing either single or multiple amino acid substitutions were engineered and tested for mouse neurovirulence [1] . However, to restore the neurovirulence typical of the YFV/JEV Nakayama virus, reversions in at least three distinct clusters were made and these were found highly useful to make different combinations of cluster-specific reversions to confer neurovirulence [1] . Finally, amino acid number 138 of the E protein (E (138)) exhibited a dominant effect. More often, no single amino acid reversion produced a phenotype significantly different from that of the ChimeriVax-JE parent was detected. When these mutant strains were allowed to grow in prolonged cell culture and mouse brain passages, virus showed genetic stability and was found suitable for generation of a novel live-attenuated viral vaccine against Japanese encephalitis [1] .
However, Yellow fever 17D virus, a safe and effective live, attenuated vaccine, was used as a vector for genes encoding the protective antigenic determinants of a heterologous member of the genus Flavivirus. Since the prM and E proteins contain antigens conferring protective humoral and cellular immunity, the immune response to vaccination seems to principally target JE virus. Though, it is true that a single M protein mutation affect the acid inactivation threshold and growth kinetics of a chimeric flavivirus [196] . However, upon immunization in animals, it has shown no detectable viremia after challenge in tests in comparison to unimmunized controls that became viremic [197] . Further, histopathological examination, performed 30 days after virus challenge, has shown no minimum evidence of encephalitis in immunized animals. It confirms the very high protective efficacy of ChimeriVax-JE against virus intracerebral challenge that also induces a rapid humoral immune response in experimental animals. More exceptionally, it causes lesser neuronal damage in virus targeting areas and lower inflammation and neurovirulence in monkeys infected with wild-type JE virus [195] . Similarly, full-length RNA transcripts of the YF/JE chimaera were used to transfect Vero cells.
Similarly, ChimeriVax-JE, a live, attenuated recombinant JE virus vaccine, was prepared by replacing the genes encoding two structural proteins (prM and E) of yellow fever 17D virus with the corresponding genes of an attenuated strain of Japanese encephalitis virus (JE), SA14-14-2 [197] . The prM-E genome sequence of the ChimeriVax-JE is identical to that of JE SA14-14-2 vaccine and differed from sequences of virulent wild-type strains (SA14 and Nakayama) at six amino acid residues in the envelope gene (E107, E138, E176, E279, E315, and E439) [197] . A well-tested attenuated live JEV vaccine provides better preclinical safety and efficacy requirements for a human vaccine. It was found more suitable for JE susceptible animals, and its single dose is well tolerated and highly immunogenic to human hosts [60] . It was tested for neurovirulence in mice, monkeys, hamsters, and athymic nude mice in which attenuated virus strain was found avirulent to these animals by intracerebral inoculation (i.c.) or intraperitoneal inoculation (i.p.) [60] . It was tested safer than yellow fever 17D vaccines but has a similar profile of immunogenicity and protective efficacy. It shows significantly almost no detectable viremia after challenge in immunized animals. Only 1 of 6 (17%) vaccinated monkeys has shown symptoms of encephalitis [1] . When compared, ChimeriVax-JE was found more appropriate and suitable than commercial yellow fever 17D vaccine (YF-Vax) because it successfully cut down lethal effects of JEV generated pathogenesis. Further, reduction in pathogenesis was obtained in JE virus prone histological regions. Moreover, lesion scores in brains and spinal cord were significantly higher for monkeys inoculated with YF-Vax, but there was no symptom in ChimeriVax-JE immunized animals. Similarly, chimeric novel vaccines against dengue fever and tick borne encephalitis and Japanese
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Journal of Viruses encephalitis are constructed for immunization purpose [198] . Similarly, chimeric human antibodies are also generated by using antibody encoded recombinant gene. It is a mouse human chimera known as chimeric antibody. Its antigenic specificity is determined by variable region that is derived from mouse DNA, while its isotype, which is determined by the constant region, is derived from human DNA.
Similarly, a IMOJEV (ChimeriVax-JE), a novel recombinant chimeric virus vaccine, was developed by using the Yellow fever virus (YFV) vaccine vector YFV17D, by replacing the cDNA encoding the envelope proteins of YFV with that of an attenuated JEV strain SA14-14-2. It was found much safer, highly immunogenic, and capable of inducing long-lasting immunity in both preclinical and clinical trials. Moreover, a single dose of IMOJEV was sufficient to induce protective immunity [199] . Its single intramuscular injection induces protective immunity and prevents JE virus infection in mice [200] . But unfortunately reversion of normal vaccine strains to more wild strains is a leading cause of increase in neurovirulence and pathogenesis [201] . Therefore, formalin inactivated vaccines seem to be important because they enhance the potency of injectable vaccine produced from serotypes that never reverted to a more neurovirulent strain [202] .
Use of Virus-Like Particles for Making Safer Vaccines.
For effective treatment and prevention of virus diseases, virus-like particles (VLPs) are constructed/assembled and expressed in different cell systems for its secretion [203] . These recombinant VLPs are shell-like viruses that lack virus-specific genetic materials but contain JEV peptide sequence and induce production of anti-peptide and anti-JEV antibodies when injected in the mice [64] . However, these naturally assembled or recombinant VLPs, which possess JEV peptide sequences, are used to evoke production of virus neutralization antibodies in immunized mice that might show significant protection against lethal viral challenge [64] . It also depends on recognition of the peptides in demand and its binding to antipeptide antibodies. Similarly, autoassembled fusion proteins or virus like particles (VLPs) were prepared by fusing JGMV and coat protein (CP) in E coli [64] . Normally, a peptide is fused to a large protein as JGMV that binds to CP and possess some constraints on the conformation imposed by the protein and may affect neutralization potential. Thus, many viral-structured protein(s) or its components are assembled into VLPs, which can mimic the overall structure of virus particles and can elicit strong immune responses in a host. Similarly, chimeric virus-like particles were also prepared from tick-borne encephalitis virus and mosquito-borne Japanese encephalitis virus for immunization purpose [204] . Moreover, for mass production of recombinant VLPs, various expression systems such as lepidopteran insect cells [205, 206] and mammalian and plant cells are used [207] .
In addition, efforts are also made to generate a tetravalent dengue subunit vaccine by mixing recombinant VLPs, corresponding to all four dengue virus serotypes, for which a Pichia pastoris (P. pastoris) expression system was used for production of dengue virus type 1 (DENV-1) VLPs. These secreted VLPs induce both humoral and cellular immune response in mice [208] . Similarly, in vitro assembly was done for the capsid protein to construct nucleocapsid-like particles (recNLPs) that induce cell-mediated immunity and generate wider protection in immunized mice [209] . Further, virus like particles and aggregates of capsid proteins devoid of viral genetic material are also used for development of promising vaccines [210] . These virus-like particles spontaneously selfassemble after heterologous expression of viral structural proteins and are safe and easy to produce. Further, these can be loaded with a broad range of diverse cargos and can be tailored for specific delivery or epitope presentation [210] . However, to display neutralizing epitopes and T-cell epitopes of fusion protein of different viruses, chimeric virus like particles are generated which are used as vaccine candidate [211] . This system could be used for presentation of B and T-cell epitopes. However, the morphological and antigenic similarity between VLP and native virions represents a promising approach to the new type of vaccines [207] .
More exceptionally, these VLPs are formed from Johnson grass mosaic virus (JGMV) coat protein after self-assembly and form rod shaped virus like particles VLPs in the absence of the viral RNA [212] . Besides this, JGMV system can be used for production of variety of VLPs with different activity by using different E protein derived peptides and different mixing of CP fusion protein. Thus, different protein parts are autoassembled to form VLPs. This system is also proved much safer because both N and C terminal regions of JGMV are not required for an autoassembly to form VLPs [64] . However, virus-like particles (VLPs) emerged as promising elements or candidates for making new subunit vaccines [208] . These viruses derived VLPs have broader applications in diagnostics, vaccine development, and gene delivery [209] . Further, after seeing the instant increase in endemicity of viruses and threat imposed by them, advanced technology is used to produce a new generation of safe and effective nonembryo culture vaccines by making good antigenic VLPs in various expression systems [207] . This provides great advantages in comparison with existing methods of vaccine production. Such vaccines induced full humoral and cellular immune response in animals and humans.
Further, landmark efforts have been made to prepare better quality of vaccines against JEV. For this purpose, novel epitope mapping strategies were followed by using combining phage display with VLPs. However, generation of more functional and stable epitopes could help to make potential therapeutic antibodies or neutralization antibodies which might be capable of providing broad protection against different viruses such as JEV, WNV, and DENV-2 infections without enhancing activity in humans. However, mutations in the prM protein can reduce or eliminate secretion of WN VLPs and show lesser effects [213] . This difference may be due to the quantity of prM in WN VLPs compared to WNV or to differences in maturation, structure, and symmetry of these particles [214] . Similarly, methylotrophic yeast Pichia pastoris was used to develop a chimeric vaccine candidate displaying the dengue virus type-2 (DENV-2) envelope domain III (EDIII). These VLPs displayed good host receptor binding and proved highly immunogenic to mice and induced production of virus-neutralizing antibodies. These could specifically recognize virus, lower down its number by inhibition of replication, and neutralize virus infectivity [213] .
Similarly, nanoparticles based on E. coli-expressed recombinant Hepatitis B virus core antigen (HBcAg) were designed to display EDIII moiety of DENV on the surface [213] . It was designed specifically as a synthetic gene construct encoding HBcAg containing an EDIII insert in its c/e1 loop [213] . The fusion antigen HBcAg-EDIII-2 was expressed in E. coli, purified to near homogeneity using Ni+2 affinity chromatography, and demonstrated to assemble into discrete 35-40 nm [213] . More specifically, HBcAgderived nanoparticles display DENV EDIII. The EDIIIdisplaying nanoparticles may have potential applications in diagnostics/vaccines for dengue [213] . Similarly, VLPs DIII were found capable of inducing specific neutralizing antibodies against DENV and WNV in mice [215] . These were obtained in form of chimeric proteins, DIII-DENV1-RIgE, and DIII-WNVKun-RIgE by replacement of CD16 ectodomain of CD16-RIgE by the envelope glycoprotein domain III (DIII) of dengue virus serotype 1 (DENV1) or West Nile virus Kunjin (WNVKun [215] . Similarly, bionanoparticles (NLPs) most similar to VLPs, consisting of recombinant viral structural polypeptides, are also designed and constructed. These new formulation of nucleocapsid-like particles (NLPs) obtained from the recombinant dengue-2 capsid protein protect the experimental host against homologous and heterologous viral challenge. These are also used to measure the cytotoxicity and cytokine-secretion profiles induced upon heterologous viral stimulation [216] . However, these nucleocapsid-like particles (NLPs) work as an attractive vaccine candidate against dengue virus. They induce a functional immune response mediated by CD4(+) and CD8(+) cells in mice, which protects against viral lethal challenge. These are potentially safe because of induction of serotype specific cell-mediated immunity and antiviral antibodies [216] .
Increasing the Protective Efficacy of Vaccines
A vaccine must be a cause of an active infection in recipient and it induces an immunity which is both rapid in onset and long lasting after single dose [194] . However, a protein that contains critical neutralizing antibody determinants [195, 217] can be used to raise protective immune response largely against JEV. However, before preparing an appropriate vaccine, possible mutations in antigenic epitopes, its effect on neurovirulence efficacy of antigenic amino acid sequences of virus proteins must be explored. More importantly, a vaccine strain must be stable and proteins with single and multiple antigenic determinants are most commonly used for immunization to develop wider protection against flaviviruses. Hence, identification of amino acid residues in the E protein which are proved to be best antigenic sites is responsible for neurovirulence. These must be tested in different animal models and in human hosts to have the most appropriate vaccine design. Further roles of amino acid substitutions on structure and function of antigenic sites must be explored in newly emerging JEV strains during the attenuation. Attenuated vaccines show their capacity for transient growth; such vaccines provide prolonged immune system exposure to the individual epitopes on the attenuated organisms resulting in increased immunogenicity and production of memory cells. Further, mutations occurred in JEV genome during attenuation process that may find a novel virus vaccine not only against JE but also against other pathogenic viruses. More often, these vaccines require only a single immunization, eliminating the need for repeated boosters. More importantly, before immunization, safety testing for neurovirulence of novel live attenuated flavivirus vaccines is highly essential in infant mice and in monkeys [218] . Further, its dose-response effectiveness, safety standards [219] , and biological properties must be evaluated [197] . Similarly, biological characterization of artificial recombinants formed by fusion of a wild type flavivirus (Kunjin) and a live chimeric flavivirus vaccine strain (ChimeriVax-JE) is highly essential to decide [192] . Further, for obtaining better infectious clones, its biological properties, immunogenicity, and protection against disease are to be tested [197] . However, cloning and expression of mutated envelope proteins of Japanese encephalitis virus are also highly essential in different cell systems to have desirable attenuation for developing a good vaccine [220] . Further, to raise the protective efficacy of attenuated vaccines, chimeric proteins consisting of a protein of interest covalently linked to a naturally fluorescent protein can be designed. These proteins can be used for knowing its cellular behavior and possible impact on host cells mainly related to necrosis, pathogenesis, cellular entry, and its movement in living cells. Thus, smaller peptides of high attenuation potential incorporated in virions of pathogens that generate no symptom can be prepared for immunization purposes. Further, these can be used in combination by recruiting all the component parts of the adaptive immune system. Hence, such live attenuated vaccine can elicit strong immune responses and raise the level of protective antibodies. Further, these could help in finding postvaccination effects of vaccines, in retaining over all structure function changes in mutated and reemerged virulent strains of viruses. These could also decide the route of infection and its therapeutic solution in in vivo studies. Similarly, chimeric monoclonal antibodies are also prepared genetically which are humanmurine hybrids. The variable part of the antibody molecule including the antigen-binding site is murine while the remainder of the antibody molecule, the constant region, has been derived from a human source. These MAbs are about 66% human; example is rituximab.
Molecular Basis of Attenuation of Neurovirulence
RNA genomes of flaviviruses show high rates of mutations both in natural and artificial conditions. However, it became highly important to understand the molecular basis of attenuation of live virus vaccines and multiple genetic determinants, which govern this property. Therefore, to generate candidate vaccines against viruses, both natural and artificial methods are used for attenuation so that they lose their ability to cause significant disease/pathogenicity, but retain their capacity for transient growth with in inoculated host. When these attenuated strains are used for immunization, more often, they elicit life-long immunity after having few doses. Nevertheless viruses like other micro-organisms keeping on changing their genetic properties by acquiring significant alterations in genome through recombination. It could develop acquisition of new adaptations in viruses against fluctuating climatic conditions in endemic areas/habitats. It also results in significant increase in antibody resistance in viruses that may cause high mortality and morbidity in patients. There are multiple pathways to the attenuation of viruses [221] ; hence, both natural and artificial methods can be applied to attenuate the viruses for immunization purposes. Flaviviruses are also attenuated by multiple passages in animal tissues and cell cultures [222] . Besides this, some traditional methods are also used to develop vaccines against other flavivirus diseases, such as dengue. There are natural and artificial methods available to attenuate the virus. For natural attenuation of viruses, these are allowed to grow in different host cells and in cell lines or passage regularly in mice. These are used to immunize the host to raise the immunity and protective efficacy against disease, but it is very difficult to isolate them in pure form. In artificial methods for attenuation, viruses are grown for prolonged periods under abnormal culture conditions to make them inactive or make their growth very slow and its mutants are selected. These are better suited to grow in the abnormal culture conditions. These become less capable of growth in the natural host. By using such methods, many live attenuated vaccines have been generated mainly against measles, mumps, Polio, Rotavirus, Rubella, Tuberculosis, Varicella, and Yellow fever viruses. These show that strong immune response often generates lifelong immunity after prescription of few doses. More than this, many attenuate vaccines show ability to replicate with in host cells and make them more suitable for inducing a cell mediated response. Further, attenuated vaccines are also associated with more complications similar to those seen in neural disease. Therefore, it is also important to understand the molecular biology of attenuation. Today, it is a great challenge for vaccine developers as most of the virus serotypes have attained high mutation rates [223, 224] and were found to accumulate mutations during passage in human hosts. Further, due to misincorporation of nucleotides into the viral genome, new strains are originating at constant rates [225, 226] which are highly virulent [226, 227] . More specifically, host-to-host transfer becomes a critical problem to solve its molecular biology which is mainly related to elevation in neurovirulence [228] . It is a major problem to solve. More caution that defaulted attenuation is developing in JE virus strains in mouse brain and other experimental animal models and animal cell lines might be the main reason of positive-negative mutation selection in virus in endemic areas. But it is certain that always virus may seek self-favorable genes which assist in generation of high neurovirulence in human hosts. This is the main reason that attenuated strain merely shows low neurovirulence in the experimental animal but gain assesses high neurovirulence in human host. In addition, vaccine should be free of any detectable adventitious microbial agents that would render these materials unsafe for human immunization [229] .
However, for generation of appropriate vaccine, molecular characterization [230] of viral attenuation in flaviviruses is highly essential and important. Hence, desirable changes are made by using site-directed mutagenesis in infectious cDNA clones [231] , or by production of Chimeric viruses [1] , and have deletions in the 3 untranslated regions of genomes [232] . However, new artificial infectious constructs of viruses were found more appropriate for immunization and to use them as candidate strain for generation of new live attenuated vaccines. If single base substitutions, replacements, rearrangements, or selective deletions are being made in the 3 untranslated regions [232] , these may attain most desirable antigenic sites in proteins. When these chimeric viruses (Chmiera-Vax WNV live attenuated vaccine) are injected in the animals, they showed better efficacy and antigenicity in comparison to inactivated vaccines [1] . Contrary to this, some notable failures have also been observed; for example, reversion in Sabin Polio Vaccine (OPVP) caused its reemergence that resulted in subsequent paralysis disease in about one case in 2.4 million doses of vaccine. This reversion implies mutations in pathogenic forms of the virus that is passed in to a few immunized individuals. Next, these may reach the human host through contaminated water supply especially in areas where sanitation standards are very poor or where wastewater is recycled for drinking purpose. This is one of the major possibilities of failures of attenuation and generation of new mutant strains from immunized strains of virus. Hence, it leads to the extensive use of inactivated vaccines. In addition, genetic engineering techniques provide a way to attenuate a virus by selectively removing genes that are necessary for virulence for growth in the vaccine. Example is Herpes virus vaccine for pigs in which the thymidine kinase gene was removed. However, removal of this gene rendered the virus incapable of causing disease. But there is a major disadvantage that attenuated viruses revert to a virulent form that show higher neurovirulence and pathogenicity [62] .
Moreover, to improve existing vaccines, rational approaches are also used to prepare attenuated flavivirus vaccines. These are employed only after allowing introduction of specific mutations into wild-type viruses and chimerization between two different viruses. With this, novel methods for delivery of live vaccines, such as inoculation of infectious DNA or RNA, construction of protein subunit, expression vector-based, and naked DNA vaccines, have been used to create alternate vaccine candidates [233] . Other than natural strains, mutated vaccine strains are also produced in animal models by generating selected mutations in the genes of structural proteins. Naturally, virus also develops ecologically adapted strains (NS3 gene and 3 NCR of Japanese encephalitis) and shows natural attenuation of virus [234] . Thus, small changes in nucleotide sequences of envelope protein of Japanese encephalitis virus could enhance the protective efficacy of vaccines [235, 236] . Contrary to this, natural mutations that occurred in viruses enhance the neurovirulence and pathogenicity [237] . Moreover, to cut down the rate of infection and neurovirulence generation, cluster specific reversions are the only solution to restore the antigenicity [1] . Besides, it was also found that reversions in at least three distinct clusters are required to restore the neurovirulence typical of the YFV/JEV Nakayama virus. It is known that prolonged cell culture and mouse brain passage of JE virus increase the genetic stability of the virus and support candidacy for generation of a novel live-attenuated viral vaccine against Japanese encephalitis [1] .
Thus, attenuation can be done by serial passages of virus in experimental animals or generated by growing virus in artificial cell cultures such as Vero cells [238] , primary canine kidney cell cultures [229] . However, live-attenuated JE vaccine virus clones SA14-14-2 were grown in primary canine kidney (PCK) cell culture and vaccine seeds to adapt them [203] . Thus, PCK-grown virus indicates and displays that passage in PCK did not result in detectable phenotypic or genome changes for this virus clone. Similarly, a live attenuated Japanese encephalitis (JE) virus SA(14)-14-2 was produced in primary dog kidney cells (PDK) and adapted to Vero cells [236] . However, it was found that Lys and Val (a.a. 138 and 176) responsible for attenuation and are still conserved in SA(14)-14-2(Vero). Animal testing showed that SA(14)-14-2(Vero) has an attenuation phenotype similar to that of the parent SA(14)-14-2(PDK) strain in mice [235] . Further, attenuation of JE virus is also made by selection of its mouse brain membrane preparation escape variants.
Similarly, mutations created in the NS3 gene and 3 -NCR of Japanese encephalitis virus showed natural attenuation [234] . It was found circulating in T1P1 strain of Japanese encephalitis (JE) virus. When these mutant strains (T1P1) were grown in mouse neuroblastoma-derived Neuro-2a cells, they have shown significantly lower virus productivity than another local isolate, CH1392 [234] . It implies that this new isolate possesses a characteristic viral replication pattern other than that of CH1392. Further, lower neurovirulence obtained in T1P1 also reflected by a significantly higher LD 50 than CH1392. This may be due to abnormal enzymatic activity generated after mutations in NS3 gene (especially position 364) located on 3 -NCR [234] . Similarly, six variants of Japanese encephalitis (JE) virus strain P3 were selected for resistance to binding to mouse brain membrane receptor preparations (MRP) [239] . All but one of these MRP escape (MRPR) variants were significantly attenuated in mice for both neuroinvasiveness (>200-fold) and neurovirulence (>500-fold) compared to their parent virus. Immunization of mice with MRPRs induced neutralizing antibodies and protected mice against challenge with wild-type JE virus [239] . A common amino acid mutation was found in the envelope (E) protein gene of all attenuated mouse brain MRPR variants at residue E-306 compared to P3 virus grown in mosquito C6-36 cells or plaque purified and amplified in monkey kidney Vero cells [239] . This E-306 amino acid residue was found putatively responsible for attenuation due to alteration in binding of JE virus to its cell receptor in mouse brain [239] . Most possibly, it may help in attenuation of virulence if its binding is inhibited by viral attachment of a protein(s).
Most possibly, it interacts with cell receptors which can be blocked by using an inhibitor [239] . Similarly, four wild-type strains (Nakayama-original, SA14, 826309, and Beijing-1) of Japanese encephalitis (JE) virus that were passaged six times in HeLa cells (HeLa p6), two normal strains (Nakayamaoriginal and 826309) were attenuated for immunization in mice. In the case of strain Nakayama-original, the virulence for mice was markedly reduced and attenuation was retained on passage in primary chicken embryo fibroblast, LLC-MK2 and C6/36 cells [240] . Both of the attenuated viruses can be distinguished from the virulent non-HeLa-passaged parental viruses by examination with E protein reactive vaccine and wild-type-specific monoclonal antibodies (MAbs). The vaccine-specific MAb V23, which is only reactive with the SA14 series of live vaccine viruses, recognized the HeLa cellattenuated Nakayama-original and 826309 viruses, whereas two wild-type-specific MAbs (MAbs K13 and K39) lost reactivity [240] . Comparison of the nucleotide sequences of the structural protein genes of the 826309 and Nakayamaoriginal virulent parent and attenuated HeLa p6 viruses revealed that the viruses differed by 37 and 46 nucleotides coding for eight and nine amino acid [240] . It shows role of few amino acids as attenuation determinant [240] .
Further, molecular determinants for attenuation of wildtype Japanese encephalitis (JE) virus strain SA14, the RNA genome of wild-type strain SA14, and its attenuated vaccine virus SA14-2-8 were made known by using reverse transcription, amplification, and sequencing [237] . However, comparison of the nucleotide sequence of SA14-2-8 vaccine virus with virulent parent SA14 virus and with two other attenuated vaccine viruses derived from SA14 virus (SA14-14-2/PHK and SA14-14-2/PDK) revealed that only seven amino acids in the virulent parent SA14 had been substituted in all three attenuated vaccines. Four were in the envelope (E) protein (E-138, E-176, E-315, and E-439), one in nonstructural protein 2B (NS2B-63), one in NS3 (NS3-105), and one in NS4B (NS4B-106). The substitutions at E-315 and E-439 arose due to correction of the SA14/CDC sequence [236] . Similarly, mutations are also observed in NS2B and NS3 nonstructural proteins in functional domains of the trypsin-like serine protease. However, attenuation of SA14 virus may be due to alterations in viral protease activity, which could also affect replication of the virus [237] . Similarly, attenuated SA-14-14-2 strain of Japanese encephalitis (JE) virus has been used to immunize the people [236] . However, oligonucleotide fingerprints of the parent SA-14 and vaccine strain indicate that multiple genetic changes occurred during attenuation of the virus and a silent nucleotide change occurred in the prM gene sequence while M-protein remained unchanged [236] .
There are certain markers of attenuation including small plaque size, lack of intracerebral virulence for weanling mice, minimal neurovirulence for rhesus monkeys, and a distinct nucleotide pattern compared to the parent nonattenuated virus [229] . Further, it is highly important and much cautious to prove the attenuation on the basis of right selection, right sequence order, and gene arrangement in viruses available in endemic areas. There must be certain correlation between stabilization of new variations and neurovirulence in different hosts. This may vary with the age and protective efficacy of 22 Journal of Viruses host immune system. It is also observed that most of the modifications occurred in viruses remain silent in amplifying hosts but exclusion of low neurovirulent genes may take place more promptly. However, similar doses of vaccine immunization may generate different responses in different hosts. The main causes are variations in immune molecules and cells of hosts and modifications geared up by virus strain in antigenic sites. However, it cannot be denied that the vaccine safety is merely a subject of nonadaptability in viruses. Because soon after vaccination, virulent strain start identification of vaccine strain and associate to make significant changes in its genome more consistently. I modifies, the non-virulent virus into a virulent strain by incorporation of new sequences through multiplication, substitutions and copy reading and by corrections in the antigenic binding sites. Thus by acquiring new variations vaccine strain become infectious and it start affecting overall efficacy of concerned vaccine/s. However, vaccine strain may be a subject of modification whether it may be due to molecular or ecological reasons. There are so many possibilities of recombination among vaccine and wild strains, but changes stabilize in them only after completion of two-three cycles of replication, recombination, and multiplication. Thus, vaccine viruses may also recombine to a less virulent to high virulent strain available in the ecological area.
Most possibly, these mutations that occurred due to substitution or replacement may not affect the gene sequence and gene order but alter the expression of second nearby gene that remains silent for some reason. More importantly, ecological genetics suddenly altered virus's genomic constitution by incorporating new base sequences which start synthesizing completely different antigenic sites in a protein that conceal the neutralization of epitopes by monoclonal antibodies. It may also lead to conformational changes in second structural protein with new shifts in amino acid sequences. If significant deletions are made in the most important structural framework of a virulent protein, it will certainly cut down the virus replication and multiplication that alternatively reduce the neurovirulence and pathogenesis is human host. However, it seems correct that no visible mutation may occur in virus gene. But it may induce a more visible change in a protein due to deletion. But whether such changes are also possible due to amino acid rearrangements during incubation period that may restructure epitope in antigenic sites is still unanswered. Such changes also defy the neutralizing potential of MAbs and may increase the neurovirulence in hosts. However, it can be concluded that environment specific silent mutations occurred in virus genes either readable or not but they show some definite expression in host cells and impose permanent morbidity, immune disability, and finally death in patients in endemic areas. There are some associating effects of secondary mutations which change the conformational structure of a second protein either it may be structural or nonstructural. Further, virus can remove errors by copying the right orders during recombination in association to other viruses that belong to the same group by undergoing high multiplication and replication inside human host. Thus, multiplication in virus generates neurovirulence geometrically in form of additions that is a real factor to succumb to the nonantigenic sequences from attenuated vaccines, denatured vaccines, or any therapeutic and other antiviral agent. Oppositely, when two strains of pathogenic viruses interact simultaneously with nonpathogenic virus, chance of fixation of genes, gene order, and antigenic sites may stabilize after correction in second proof. Further, these may essentially make the virulent proteins more antigenic after expression of structural genes in concerted manner. It not only stabilizes the generation of copy number of virus but also is simultaneously involved in corrections in base sequences to raise the pathogenesis. Therefore, virus opts, waits, and watches policy to acquire new expression system. However, there occurs an important exchange of virulent specific genes which upon attenuation may remain intact and when they pass through a more susceptible host, they give rise to new intertypic or intratypic viruses, which are hard to challenge by any antibody to neutralize.
Control of Disease Transmission and Endemicity
Different patterns in the molecular epidemiology and evolution of various mutant strains of flaviviruses are known. However, from genetic, molecular, and bioinformatic analysis, it become clear that JE virus was originated in the Indonesia-Malaysia region from an ancestral virus. From that ancestral virus, GV was diverged, followed by GIII, GII, and GI [241] (Table 3) . Genotype IV appears to be confined to the Indonesia-Malaysian region as GIV has been isolated from mosquitoes in China and South Korea [215] while GI-III virus circulates throughout Asia and Australia from a variety of hosts. Moreover, GIV isolates from Java, Mali, and Sumatra showed six amino acid substitutions with in the E protein (Table 3) . However, microevolution lead to incorporation of new lethal amino acid sequences in ecological and vaccine strains of JE virus. It has significantly increased the severity of pathological effects in patients manifold. Besides this, several amino acids with in the E protein of the Indonesian isolates were found to be under directional evolution and/or coevolution. Such naturally occurring evolution is likely to affect the disease profile and the vaccine efficacy against circulating JEV genotype I in Eastern [2] and G III in Northern part of Asia [242] . Thus, different JE genotypes showed close genomic relationships and displayed very little differences in their antigenic sites, but these were found much larger in potential to generate acute encephalitis syndrome in infant groups. Based on molecular epidemiological study of JEV in different Southeastern Asian countries, different subgroups of genotypes of I, II, and III are largely circulating and all are chronologically related to one another and more frequently cause JE disease. Further, JEV has recently changed from genotype III (G III) to GI (GI) and imposes life threatening situations for both human and animal populations in Asian countries [120] (Table 3) . However, advent of heterotypic genotypes has reduced the vaccine efficacy and raised emergence of antibody resistant mutants with new lethal and neurovirulent genes which are circulating in the endemic population of this region. This is the main reason that, despite [253] the availability of vaccines, JE related mortality rate is still high in India and its neighboring countries [1] . It indicates failure of vaccines or partial work of it. Therefore, a vaccine must possess enough potential to work against JE virus during initial phase of virus infections and might show long lasting effect after administering a single dose [194] . However, a protein that may contain the critical neutralizing antibody determinants [195, 217] and can elicit high protective immune response should be used for vaccination purpose against JEV. However, before preparing an appropriate vaccine, possible mutations and its most possible effect on antigenic amino acid sites mainly on epitopes of virus proteins should be assessed in silico and in experimental animals and correlated with neurovirulence and pathogenesis. Thus, it is assumed that vaccine strain must be stable and viral proteins with single and multiple antigenic determinants should be tested for its susceptibility for any future conformational change that occurs due to single site mutations that may have most commonly occurred in the flaviviruses. Further roles of amino acid substitutions in JEV strains in the attenuation process and neurovirulence must be tested in different animal models and in human hosts to have an appropriate vaccine design. Moreover, favorable climate exists in South East Asia, assisting the JE virus in multiplication cycling and circulation of virus during summer and rainy season. Thus, due to rapid globalization and gradual shifts in climate flaviviruses are increasing its endemicity and virus is continuously spreading in new areas [243] . Further, availability and co-habitation of many hosts (both wild and domesticated) in the same locality and exchange of virus among different hosts by disease transmission vectors are assisting the virus to create new variations. Hence, both wild and domesticated animals are working as hotspots for the emergence and evolution of JEV. More often, open farming of pigs, poultry birds, rabbits, and goats in the middle of human habitation is responsible for rapid amplification of virus or creation of new amino acid substitutions in virus E protein. It gives rise to new mutants and serotypes in local habitations. However, beside encephalitis virus, some other viruses like FMDV also showed outbreaks in the endemic areas. This confirms interrelationship between both the viruses. In nature, there might be some viruses which may infect both animals and plants; they inoculate ordinarily in plant hosts and maintain their replication rate very high, and possibly they may also find their way inside a suitable animal host. There are examples of largest outbreak of hand, foot, and mouth disease (FMDV) in Singapore in 2008 that was caused by enterovirus 71 and coxsackievirus A strains [244] . With this, in recent years, virus has also expanded its geographic range from Indonesia to Australia.
In addition, both climate and enzootic biology showed that viral proteins are highly susceptible to changing conditions of climate and host-immune interactions in the endemic areas. These are responsible for both summertime and annual precipitation seroconversion rate in JE virus infection [245] .
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Therefore, virus infection is directly correlated with various climatic factors and presence of virulent proteins [246] . Besides this, other important factors, which are responsible for reemergence of JE virus, are geographic and epidemiological location, physical environment, presence of uncontrolled virus vectors, clinical patterns followed, and presence of alternate vertebrate hosts, circulating JE virus serotypes, international travels, and ongoing rapid climatic changes [247] . Further, disturbances in ecological niche of water birds and their forced migration to nonendemic areas lead to wider spread of JE V in nonendemic regions. Similarly, human migration is also supporting the expansion of endemicity. Further, locally adapted mutant strains are finding their way through virus vectors and different types of migratory water birds to newer area. Infected water birds are working as flying cargos of JE virus, which land anywhere in similar ecoclimatic areas. From these virus genotypes are distributed by the virus vector and finally to the human. Further, in new locations, water establishing accordingly by making most required necessary changes in epitopic region, which govern the neurovirulence. Therefore, strength of vaccines should be improved for disease control and prevention, with wider immunization coverage and control of secondary hosts of JE virus. It must be reevaluated from time to time to lower down the risk for occurrence and reemergence of JE virus in rural pockets.
Most of the JE cases and positive serotypes are circulating in clusters in Tarai region of India and Nepal and also in other similar ecoclimatic zones. However, a spatial heterogeneity was observed between Japanese encephalitis induce destruction and environmental variables [248] . However, positive mutants of virus circulate more and more in rainy season, because mass breeding of mosquitoes gives rise to significant increase in virus vector that results in an increase in MIR (minimum infection rates) in Culex tritaeniorhynchus and Culex gelidus during transmission seasons. This MIR is significantly declined in winter and summer seasons [247] . Other factors which are related to JEV infection in human are cultural differences, that is, type of living, sanitation standards, vector control, healthy animal breeding houses, proper surveillance, routine immunization, and Coordinated Disease Controlling System and Networking in rural areas. Further, reemergence of genotype V in Asia has increased the risk of JEV transmission, mortalities, and morbidities more significantly. This is one of the major reasons that JEV transmission occurs in rural agriculture areas [249] but recently its transmission was also identified in Delhi [250] . However, to control the disease transmission, virus vector must be minimized either by direct control of pesticides or by using repellent coated mosquito nets, clothes, safe window mesh, and regular treatment of water storage tanks. Further, efforts should be made for good surveillance, immunization, and JE awareness at national and international level.
Evolutionary Biology of JE Virus
Complete nucleotide and amino acid sequences of different Japanese encephalitis virus strain show intragroup divergence in ∼10-20 of nucleotide sequences and that all isolates fell into 5 different genotypes which are circulating in South East Asia, Australia, Europe, and USA. However, high nucleotide homologies were obtained among isolates collected from different countries with few significant variations in genotypes. Furthermore, molecular variations observed among isolates from same region and same time between two different genotypes III and I were due to point mutations occurred. When these were analyzed for phylogenetic analysis, these different isolates of JEV fell into different clusters and showed different epitopic determinants in antigenic sites. However, intergroup genetic distances were larger and seem to be diverging more. These are most possible associating reason of rising of neurovirulence and infection in the host population. When compared, both inter-and intragroup clusters showed a net difference in epitopic determinants and such variations lead to sever pathogenesis. The origin of virulent strains of JE is through recombination between far distantly placed virus isolates whose clustering shows antigenic cross-reactivity. There were observed climate-induced differences among JE isolates, for example, genotypes identified in temperate countries differed from genotypes of subtropical countries such as India, Nepal, Bangladesh, Bhutan, and Tibet. It has been proved from phylogenetic studies that at least three genotypes of JEV are circulating in Malaysia, two in India [2] , three in China [251, 252] , and two both in Japan [253] and Australia [254] . However, to find close genetic relationship among JE genotypes, rates of genetic evolution, and genotype replacement [255] molecular phylogenetic and evolutionary analyses are highly important [256] . Further, corelationships of mutations and climatic factors [257] are also responsible for emergence of JE Genotypes [258] . It is not necessary and mandatory that it is the virus genetics, which is changing the virus, but there is possibility that one of the ecoclimatic factor(s) may have significant role in conversion of low virulent virus to high virulent virus and significant increase in lethality. However, climate induced minor significant changes occurring in the JE virus genome are due to point mutations which seems to be major reason of epidemiological changes in JE virus in Southeast Asia [253] .
For testing minor differences between two structurally related strains serological tests such as hemagglutination inhibition and neutralization are performed. However, parental strains have shown a rooted tree with many diverging lines of the JE virus. Thus, five genotypes G1-GV, of Japanese encephalitis virus have been identified and each one of it has distinct geographical distribution and epidemiology [215] . JEV shows extensive genetic diversity among JEV isolates. Because of parental sequences and modifications that occurred in JEV genome, it is speculated that JEV was originated in the Indo-Malaysian region from where it has spread in all surrounding countries by birds and international human travelling. However, emergence and divergence are widely related to subtropical climate as main factor, as well as virus genetics and together with vast floral and faunal diversity existing in the area. However, ecological, demographical, molecular, and geographical factors are equally responsible for emergence and evolution of JEV. It is further correlated with increasing rate of neurovirulence and infection with antigenically different JE strains in different climatic regions.
However, naturally occurring evolution is likely to affect the disease profile and vaccine efficacy [2] . All these are specifically related to ongoing changes in epitopic antigenic sites that are differing in different genotypes, that is why vaccines are showing partial coverage or low protection against JEV. To fight against this problem, immunoinformatics and mutations in silico will help to evaluate the infectivity and pathogenicity of JEV. Further, it is mostly observed that only E proteins are highly susceptible to climate and natural mutations going on in JEV strains. Those substitutions, which can disrupt T-cell epitope antigenicity, might largely influence the outcome of vaccine derived from JEV genotypes specifically using SA-14-14-2 strain. Phylogenetic analysis based on the genomic sequences can confirm which particular isolate belongs to which JEV genotype, which may be consistent with phylogenetic analysis based on the premembrane (prM) and glycoprotein genes. However, identification of residues in the E protein, which govern neurovirulence, is an important issue. Mutagenesis of clinical determinants and surrounding residues in conjunction with molecular clone technology can be used to generate additional live attenuated viral vaccine candidates in the Chimeri-Vax background. Further, stability of the virus can be verified by making serial passages in vivo and in vitro while confirmation of the vaccine genotypes could be achieved by using molecular methods. It will assist in manufacturing quality vaccines that may possess wider protection coverage against virulence revertants inside hosts.
Thus, there seems to be a high correlation between genetic variations that occurred in antigenic sites and neurovirulence. It is equivalent to mutations adopted or established in the virus in all odds or favors from the environment and geographic conditions prevailed in that area. All these variations are due to ecoclimate fluctuations and host and vector density in the endemic area. However, net differences in climate-induced changes within the body are not only useful for pathogen survival but also significantly affect incubation period and virus cycling in different hosts. They assist the virus to make locality specific changes in antigenic sites that is why individual differences are noted in the expression of each genotype of JE virus. Further, it is possible due to genetic difference between hosts; it is either an amplifying or a reservoir host. More specifically, birds have high body temperature that may give rise to new shifts in protein structures, if these are transferred directly from birds to operate by mosquito vector, it may be more lethal, because chances of substitutions become possible due to increasing temperature. However, potential expression of GIII seems to be more than the others. It may be possible due to endemicity and homing of virus genes due to prevailing environmental conditions. Though, strain-to-strain quantitative differences are very narrow but the show imposes serious impact in different hosts in an invasive manner. However, such changes in phenotype or structural proteins may be much larger in viruses than other microbes. It is the main reason that both virulence and infection rates are constantly increasing with few essential changes in the E proteins or in prM proteins. Therefore, role of structural genes may be far ahead and responsible for generation of neurovirulence than the regulatory genes. With this, there are lesser chances of changes occurring in the activity of regulatory genes because viruses may seek this regulation partially from host genome that is most stable. Thus, viruses much cleverly invade host cells and use genetic machinery for their multiplication, invasion, and establishment of disease. Therefore, for generation of pathogenesis inside host body viruses structural genes are largely responsible because mutation susceptible genes make mutation susceptible proteins. It is much favorable for virus but against the survival of host. Further, unfavorable ecoclimatic variabilities prevailing in different geographic ranges affect hosts and help to establish the virus after precondition during incubation. Hence, virus genetics, microadaptations to ecoclimate, host body environment, and swapping of host genetics are the main reasons that vaccines are not working well and fail to check the onset of disease. It is mainly due to biological differences in different genotypes, which never remain stable and face rapid changes occurring in virus genome. Further, overlapping between genotypes leads to failures of attenuated vaccines or vaccines are showing partial coverage after immunization. Therefore, it seems as a hard fact that eradication of virus is very tedious job, and one cannot find an absolute solution until and unless vaccines must be prepared against local strains. It could help to stop endemicity and disease transmission. Therefore, JE vaccines, which may have cross protective efficacy to JEV, are to be prepared for finding a solution of severe infection, caused by circulating heterologous genotypes [225, 259] . There is a possibility that some minor differences exist in water borne strain of JEV and virus circulating in the endemic population and vaccine strains. It cannot be denied that differences existing in amino acids in antigenic epitopes are more pertinent to virulence and disease severity. These may differ from host to host and type of genotype infected the patient.
It has been commonly seen that artificial mutations induce quantitative traits in higher organisms, but at lower level, these generate small quantitative genetic variations, which are much enough to change structural and function of E proteins in viruses. Another reason is that normally in viruses mutations occur throughout the genome but not in a single defined locus as it occurs in higher organisms. It is plausible that desirable increase in heterozygosity represent significant mean difference in amino acids and conformational changes in protein and virus infectivity. These deaccelerate the immune defense and impose deleterious effects in the host. However, artificially induced mutations may accelerate the rate of natural mutations in structural proteins and such phenotypes may remain under direct selection. Hence, artificial incorporation of new amino acids to make changes in vaccine strains might be more harmful in comparison to natural mutations, because they occur at slower rate and provide enough time to make counter defense by host. Therefore, chances are fair for generation of new genetic variations in viruses that will impart more severe deleterious effects in hosts. Further interactions of regulatory and structural genes have important implications both for evolutionary rates and for speciation. There are ways of interaction; the involvement of one regulatory gene with several structural genes and vice versa allows for several levels of regulatory interactions. Similarly, a regulatory gene may regulate several other regulatory genes, each of which might in turn regulate several structural genes. Therefore, changing a single gene at single site may provoke high neurovirulence if such changes are made in structural proteins. Hence, copy errors in nucleotides are not supposed to be more lethal but sudden appearing positional variations in amino acids in epitopes of virus antigens are main cause of great fear that it will lead to a yearly increase in infection and mortality rate. Both will be additive and may occur on geometrical lines. Further, overlapping populations of different genotypes are transmutating the amino acids which leads to significant structural changes in architecture of E and prM proteins. That is why slight changes like deletion or any small substitution mutation in epitopic region is regularly increasing both neurovirulence and intensity of acute encephalitis syndrome in various infant groups. It is clear that antigenic virus proteins involve a series of substitutions of one structural gene by another during long evolution. Virtually these differences will be not so drastic in case of regulatory genes of viruses, but structural genes might show significant divergence in future progenies of viruses. There seems to be no role of nonessential amino acids in disease occurrence and neurovirulence generated by viruses.
Conclusion
Recent studies reveal that climate induced genotypic variations are going on in flaviviruses mainly related to encephalitis. It leads to an emergence of new mutants/variants of JE virus in endemic areas. Further, vaccine attenuated sequence alterations are significantly increasing which are not only changing the etiological features of virus but also are inducing high neurovirulence and host immune responses and affecting disease transmission in endemic and nonendemic population. These environmentally adapted new variants/mutants are proved to be more lethal than normal strains because of production of high neurovirulence and pathogenesis in human hosts mainly in various infant groups. Main reason of evolution of these new variants is incorporation of significant changes in epitopic regions of structural proteins, mainly E and prM.
Further, important mechanisms like mutations, recombination, and replication are playing major role in development of new genotypes and phenotypes that are more virulent than their parent strains. However, once mutational changes stabilize these lead to generation of different virus. It is also possible through recombination, which helps the virus in allocation of a particular highly cross-reactive antigenic determinant in positive and negative virulent strain accordingly. These determinants are infection prone; they induce multiple severity or pathological changes inside cells and tissues and organs. However, severe infection of encephalitis viruses causes irreversible neuronal changes in central nervous system; those results in a life-long paralysis and other neurological dysfunctions in patients.
It is a known fact that viruses not only seek mutations inside host body naturally but also change by artificial means in the laboratory by transfection methods. Besides this, vaccines strains also generate mutations in storage that are used in immunization. Therefore, due to mutations occurring in antigenic sites of viruses, there occurs a regular trend of emergence and reemergence of viral diseases of the central nervous system. More specifically, single site mutations versus multiple mutations, cluster specific reversions, or amino acid substitutions occurred in neutralizing antigenic sites or N glycosylation sites of structural proteins are well known established facts of formation of new variants. But few other methods like rearrangements, reversions, additions, deletions, and duplications occurring in native viral strains of JEV including other flaviviruses are also possible playing its role in formation of new variants. In addition, changes in gene order and virus specific NS and S proteins and pH induced rearrangements in the envelope glycoprotein gene are also assisting in formation of antibody resistant mutants with variable genetic stability and molecular plasticity. More specifically, microevolution of new lethal amino acid sequences with in the E protein in ecological, vaccine strains have significantly increased the severity of pathological effects in patients, and such isolates are found to be under directional evolution and/or coevolution.
In addition, ecoclimatic, demographic, host and vector density, and clinical reasons are responsible for advent of new antibody resistant JE virus strains mainly in endemic areas. However, both molecular and ecological forces are considered as real cause of endemic expansion, disease transmission, and prevalence of Japanese encephalitis. As smaller changes occurring through deletions, inversions or transpositions in genome are the most significant evolutionary events. However, comparison of nucleotide and amino acid sequences of E and prM genes and proteins of present day virus with few important strains sequenced in the past could help to reveal the evolutionary history or phylogeny of flaviviruses. However, deletions may affect phylogenetic reconstruction of gene order in natural strains and impose negative-positive genomic plasticity. This is the main reason that viruses maintain virulence and pathogenesis more updated according to incubation or environmental conditions prevailing. However, due to their short genome, chances of assimilation of new sequences from other viruses are lesser and lesser, but at the same time, they can easily assimilate host and vector sequences just after single recombination. However, intragroup modifications through genetic mechanisms may occur more promptly for adjusting gene order and genome. In addition, viruses may adopt all these changes accordingly in response to a drug or any vaccine. However, main purpose of genetic modifications or transfer or mutation in a gene(s) may lead to an increase in antigenicity. Thus, viruses become able to bear a significant genetic load for carrying new harmful genes that assist them to cause severe neuropathogenesis. If all nonessential genes, which have no role in virus replication and establishment of infection, are ablated from the main chain, there will be no effect on neurovirulence, antigenicity, and virus survival.
It is understandable that antigenic sites in flaviviruses are quite flexible due to assimilation of new changes/mutations through recombination inside various hosts. Virus is not only acquiring changes through mutations and recombination but also repairing of errors versus destruction of corrections artificially in epitopes of virus antigens during replication and multiplication as well. This is the main reason why virus population possesses enough genetic variations, which are instrumental in incorporating changes in the genome myriad ways. Further, specific molecular corrections are being made in virus genome and viruses associating proteins (VAPs) or structural protein could significantly stop attachment of viruses to the host receptors. It will also stop virus entry inside host cells. Therefore, it could work as controlling point for clinicians, but practically it is very hard to achieve by using pharmaceuticals. Further, there are other possibilities that nonadaptive strains could eliminate themselves because new genotype may not possess required variations and remain exclusively out from positive and favorable gene recombination. Hence, a phyletic evolution versus spontaneous evolution is going on in flaviviruses that will generate different antibody resistant JEV mutants/variants in future. Further, molecular changes established within the virus may result in enhancement of neurovirulence and death rate in various infant groups. Therefore, it is an all sided alarm to have a complete program on vector control and immunization by using potential vaccine therapy for controlling the JE virus in India and other Southeast Asian countries. 
